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foreword 


This quarterly review of reactor development has been prepared at the request 
of the Division of Information Services of the United States Atomic Energy Com- 
mission. Its purpose is to assist interested organizations in the task of keeping 
abreast of new results in reactor technology for civilian application. 

The report is a concise discussion of selected phases of research and devel- 
opment for which there have been significant advances or a heightened interest 
in the past few months. It is not meant to be a comprehensive abstract of all 
material published during the quarter, nor is it meant to be a treatise on any 
part of the subject. The intention is to cover the various areas of reactor de- 
velopment from the general viewpoint of the reactor designer rather than from 
the more detailed points of view of specialists in the individual areas. How- 
ever, papers which are thought to be of particular significance or particular 
usefulness in specialized fields will be mentioned in short notes. In the over- 
all plan of the report, it is intended that various subjects will be treated from 
time to time and will be brought up to date at that time. 

Any interpretation of results which is given represents only the opinion of 
the editors of the report, who are General Nuclear Engineering Corporation 
personnel. Readers are urged to consult the original references wherever pos- 
sible in order to obtain all the background of the work reported and to obtain 
the interpretation of the results given by the original authors. 


W. H. ZINN 
General Nuclear Engineering Corporation 
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GENERAL RESEARCH AND DEVELOPMENT 





REACTOR PHYSICS 





Integral Experiments 
and Evaluations 


Bucklings for D2O Moderated Lattices 


A number of buckling measurements on clumped 
fuel elements in D,O have been reported recently. 
These measurements, along with those reviewed 
in the referenced report, indicate that con- 
siderable work is in progress to fill the needs 
for lattice measurements of this type.'! Most of 
the measurements so far have been measure- 
ments of buckling only, but it is presumed that 
more detailed measurements of the lattice 
characteristics will follow. 

Buckling measurements on fuel assemblies 
made up of plates, tubes, and rods have been 
reported.2 Some of the measurements were 
made in exponential facilities of the usual type, 
whereas others were made in the Savannah 
River Process Development Pile. The latter 
measurements require corrections of up to 
30 uB, which are not applied in the reference. 
The plate assemblies were made up of uranium 
metal plates, 0.180 in. thick, at various spac- 
ings. Buckling measurements were made over 
a range of volumetric ratios of moderator to 
fuel from ~10 to 60, both with and without D,O 
in the fuel-element assembly (thus simulating 
both D,O- and gas-cooled reactors). Tubular 
fuel assemblies with outside diameters of 3.03 
and 2.31 in. and wall thicknesses of 0.185 and 
0.215 in., respectively, were studied, both 
singly and in coaxial pairs. The rod clusters 
were made up of large (1 in. in diameter) ura- 
nium metal rods. It is stated that measure- 
ments on clusters of smaller rods are planned. 
Neutron flux traverses were taken for several 
of the plate lattices. It is stated that the values 
of the effective absorption cross section of the 
lattice, the thermal diffusion constant, the dif- 


fusion area, and the thermal utilization derived 
from these measurements agreed well with those 
calculated on an IBM 650 computer with the 
P-3 approximation. 


Measurements’ on lattices of clumped natu- 
ral-uranium dioxide rods in D,O were made in 
the Process Development Pile. The rods were 
made of UO, pellets 0.370 in. in diameter with 
a density of 10.0 g/cm*. Clusters composed of 
13 to 61 rods of two different spacings (0.632 
and 0.795 in. center-to-center) were investi- 
gated in triangular lattices of spacings 7.00, 
9.26, and 10.70 in. Maximum bucklings for 31 
and 37 rod clusters occurred at ratios of 
moderator volume to equivalent uranium metal 
volume of 40 to 50; the maximum values were 
between 400 and 500 yB, with the higher values 
for the smaller clusters (the lattices contained 
some aluminum). 


It was assumed’ that the values for 7, D,, and 
D, were the same in the test lattice as in the 
rest of the Process Development Pile. These 
assumptions, with a P-3 calculation for fand L, 
and an estimate of « from other experimental 
work, allowed the evaluation of ko and p. The 
values of kw, when plotted as a function of 
moderator-to-fuel volume ratio, gave a con- 
tinuous curve, which did not appear to be in- 
fluenced appreciably by the manner of achieving 
a given ratio (i.e., whether by using clusters 
of many rods with a large lattice spacing or 
clusters of few rods in a smaller lattice spac- 
ing) so long as the spacing of the rods in the 
clusters was held constant. For the rod spacing 
of 0.632 in., k. rises from a value of ~1.026 
at a moderator to equivalent uranium metal 
volume ratio of 20 to a value of 1.170 when the 
ratio is increased to 70. Evidently the lower 
values of buckling which occur for the larger 
clusters relative to the smaller clusters rep- 
resent an increase in diffusion length, reflect- 
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ing the circumstance that it is harder for ther- 
mal neutrons to “find’’ the large widely spaced 
clusters than the smaller more closely spaced 
ones. 

The Critoph formulation for resonance escape 
probability was applied to the derived values of 
p. It was found that this formulation gave a 
consistent pattern for the results provided the 
effective energy of resonance absorption was 
taken to lie in the range from 7 to 20 ev. This 
range is lower than that used by Critoph to fit 
the ZEEP data‘ (100 ev). However, the method 
used for calculating the resonance flux dip in 
the fuel elements was different from that used 
by Critoph. 

Measurements’ on clusters of natural-ura- 
nium dioxide rods in D,O are also reported for 
0.632-in. center-to-center rod spacing. Buck- 
ling measurements were made over a range of 
volumetric ratios of moderator to equivalent 
uranium metal from ~20 to 70 for three cases: 
(1) D,O-cooled fuel clusters without housing 
tubes, (2) D,O-cooled fuel clusters in aluminum 
housing tubes, and (3) the same clusters with 
the D,O in the housing replaced by helium. Sub- 
stitution of gas coolingfor D,O coolinghas com- 
paratively little effect on buckling if the total 
volume of gas in the lattice is kept small. How- 
ever, buckling decreases markedly if large vol- 
umes of the lattice are occupied by gas. 

Reference 6 describes measurements made 
in the Savannah River exponential facility, the 
Subcritical Experiment (SE), on natural-ura- 
nium metal plate lattices. Earlier measure- 
ments of this type have been reviewed in refer- 
ence 1. The experiments described in reference 
6 were done in two phases. During the first 
phase, a preliminary design fuel assembly was 
used, whereas the second phase covered meas- 
urements on fuel assemblies which resembled 
more nearly those of a practical mechanical de- 
sign. The latter differed from the earlier as- 
semblies primarily in the plate spacing and in 
the amount of nickel plating used between the 
uranium metal and the aluminum jacket. Also, 
the average moderator analysis during the two 
phases was different. The characteristics of 
the different fuel assemblies (Fig. 1) are com- 
pared in Table I-1, and the measured bucklings 
are givenfor an equilateral triangular lattice of 
7-in. spacing. 

The results of the buckling measurements on 
the two sets of fuel assemblies were in good 
agreement after appropriate corrections were 
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Figure 1—Uranium plate assembly. 


Table I-1 CHARACTERISTICS OF PLATE ASSEMBLIES 





Preliminary Later 





design design 
Thickness of uranium, in. 0.180 0.180 
Cross sectional area of uranium, 2.38 2.38 
sq in. 
Average thickness of electroplated 0.0007 0.0002 
nickel layer, in. 
Cladding (2S aluminum), in. 0.030 0.030 
Thickness of D,O channel between 0.140 0.115 
plates, in. 
Average moderator purity, mole % 98.97 99.80 
D,O 
Measured buckling, uB 361 425 
Corrected buckling,* uB 417 425 





*Preliminary design corrected to the same D,O channel 
thickness, moderator purity, and nickel content as for later 
design. 


applied to account for differences in design and 
moderator purity. 

The change in buckling was measured when 
D,O was removed from the coolant channels 
surrounding the plates of the preliminary fuel 
design. The material buckling was increased 
by 50 uB. The effect of the orientation of the 
plate assemblies into positions other than that 
in which all plates were parallel was also in- 
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vestigated. However, within the precision of the 
experiments, no change in buckling was ob- 
tained. 

During the final phase of the measurements, 
the 7-in. lattice spacing was increased to study 
the dependence of material buckling on the vol- 
ume ratio of moderator to fuel. Starting with a 
7-in. spacing, the fuel assemblies were spread 
apart to increase the moderator-to-fuel volume 
ratio progressively from 15:9 to 69:5. A max- 
imum buckling of 492 + 20 1B was obtained at a 
moderator-to-fuel volume ratio of 24:8. The 
results of the measurements of material buck- 
ling as a function of moderator-to-fuel volume 
ratio are plotted in Fig. 2. The deviations in- 
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Figure 2—Effect of moderator-to-fuel ratio on ma- 
terial buckling. 


dicated for the points are estimated standard 
deviations. The lattice configurations used are 
shown in Fig. 3. 

A summary of the calculated and measured 
parameters for the plate lattices are given in 
Tables I-2 and I-3. 


Measurements’ of ke for D,O moderated clus- 
ters of UO, and plutonium-aluminum rods were 
made in the Hanford Physical Constants Test- 
ing Reactor. The measurement involves the 
installation of a small section of the unknown 
lattice at the center of the test reactor and 
poisoning the central cell with thermal ab- 
sorber to the point where its reactivity effect 
is zero. The multiplication constant of the lat- 
tice can then be determined from the amount of 
thermal poisoning required. The function of the 
unknown lattice cells surrounding the central 
cell is to convert the neutron spectrum of the 
test reactor to that which characterizes the 
unknown lattice. 
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Figure 3— Arrangement of lattices in the exponential 
tank for investigating the effect of moderator-to-fuel 
ratio. A, 15.9; B, 18.8; C, 24.8; D, 51.5; E, 69.5. 


Table I-2 COMPARISON OF MEASURED AND CALCU- 
LATED PARAMETERS FOR PLATE LATTICES 
AT A 7-IN. LATTICE SPACING 


Calculated value 








Parameters Measured value* (P; approximation) 
f 0.951 0.953 
(Zadeff, cm™ 0.01056 0.01074 
L?, cm? 78.8 80.4 





*Corrected to moderator purity of 99.80 mole % 
D,O and nickel layer 0.0002 in. thick. 








4 GENERAL RESEARCH AND DEVELOPMENT 


Table I-3 SUMMARY OF CALCULATIONS 








Lattice Moderator-to- 
No. fuel ratio _L’, cm? f ko*  p* 
z 15.9 80.4 0.95 1.087 0.835 
3 24.8 129.7 0.948 1.126 0.869 
4 §1.5 291.9 0.929 1.152 0.908 
5 69.5 404.4 0.916 1.146 0.916 





*Derived from measured bucklings using calculated 
values of L? and f. 


The UO, fuel rods had diameters of 0.504 in. 
and density of 10.1 g/cm*. Clusters of 7 and 
19 rods were investigated on 7- and 8-in. tri- 
angular lattice spacings. Both air and D,O were 
used in the process tube surrounding the clus- 
ter. A rather large amount of aluminum was 
contained in the lattice (roughly equal to the 
UO, in volume). In the case of the 19 rod clus- 
ters, the value of ko was also measured when 
3 of the 19 rods ina cluster were replaced by 
plutonium-aluminum rods containing 1.78 wt. % 
plutonium. This substitution represented a ratio 
of weight of plutonium in the lattice to weight 
of U**> of 0.142; it increased the “effective en- 
richment’’ of the fuel from 0.00714 to 0.00816, 
if plutonium is assumed to be equivalent to U**. 
Some of the results of the measurements are 
summarized in Table I-4 for the 8-in. lattice 
spacing. 
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Figure 4—Volume ratio of moderator to fuel. 


as the 2-in. solid rod. However, no correction 
has been made for differences in aluminum 
content of lattices or differences in D,O purity. 

For measurements®’® on thoria-urania mix- 
tures in D,O, fuel pellets of roughly '/ in. in 
diameter were used, composed of 84.28 wt. % 


TableI-4 RESULTS OF MEASUREMENTS 





Volume ratios 











No. of eee he 
fuel rods Moderator Coolant Al Pu-Al 
per cluster Coolant uo, moderator UO, “U0, f ke 
19 Air 11.809 0.093 1.004 0 0.898 1.060 
19 D,O 11.809 0.093 1.004 0 0.892 1.048 
19 Air 14.023 0.093 1.192 0.1875 0.9039 RET 
19 D,O 14.023 0.093 1.192 0.1875 0.8982 1.112 








It is not possible to summarize the results 
of all the measurements described in the fore- 
going paragraphs in this review. A few of the 
data, however, have been plotted in Fig. 4 to 
illustrate the effects of fuel subdivision in the 
lattice and have been compared with earlier 
measurements on single rod lattices.* The buck- 
lings are plotted as functions of the volume 
ratio of moderator to fuel, where fuel refers 
to uranium metal or UO), as the case may be. 
Fuel clusters have been selected which contain 
roughly the same volume of fuel per unit length 


thorium, 3.37 wt. % U**5, and the remainder 
oxygen. Reference 9 reports exponential studies 
in a 5-ft-diameter tank, and reference 10 re- 
ports critical experiments in a tank of 6°/ ft in 
diameter. In both cases the fuel was used in 
simple single rod lattices. The lattices investi- 
gated in reference 9 were quite dilute; a rod 
spacing of ~2'/, in. or less would have been 
supercritical. The experiments therefore do 
not give much information on the interesting 
question of resonance absorption. The measure- 
ments of reference 10 were made with a much 
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more concentrated lattice, having a triangular 
spacing of */, in. and giving a moderator-to-fuel 
ratio of ~13. The buckling of this lattice was 
determined to be 1.64 x 107° cm™. Criticality 
was measured at various core diameters, with 
the height of D,O adjusted in the tank to the 
critical value. A core 60 in. high was critical 
at a radius of 10.71 in. A description of the 
critical facility used for these measurements 
is contained in reference 11. 


Graphite Lattices 


Reference 12 reports buckling measurements 
on small (4 by 4 by 6 ft) graphite exponential 
piles using enriched uranium of 1.44 wt. % U?% 
content. The uranium was in the form of hollow 
slugs with an outside diameter of 1.37 in. and 
an inside diameter of 0.48 in. A “coolant’’ an- 
nulus was provided around eachslug. Bucklings 
were measured with and without ordinary water 
in the coolant annulus and in the hollow core of 
the fuel slug. Lattice spacings from ~5 to 10.5 
in. were investigated. 

In reference 13 the previously measured 
values of diffusion length in five Hanford Pro- 
duction Pile moderators and in the Standard 
Pile, a graphite stack, have been corrected 
for (1) neutron absorption in the aluminum 
process tubes, (2) atmospheric nitrogen in the 
openings of the pile, (3) nitrogen in the graphite 
pores, (4) neutron streaming in voids, and (5) 
density of the graphite to reduce these values 
to diffusion lengths of equivalent solid stacks 
of graphite of 1.6 g/cm® density for comparison 
purposes. The weighted average value of the 
diffusicn length of four of the piles is 54.19 cm, 
equal to the value for the Standard Pile. The 
values of the diffusion length were measured 
prior to the start-up of the cold piles and do 
not apply to the operating piles. 

A revised value of the macroscopic thermal 
absorption cross section of reactor grade alu- 
minum of 0.0145 cm~! and a revised micro- 
scopic transport cross section of graphite of 
4.95 barns was used in the analysis, which 
yields an apparent thermal absorption cross 
section for carbon of 3.748 x 10~° barns at 
2200 meters/sec. 


Temperature Effects in Graphite Lattices 


In designing a nuclear reactor it is neces- 
sary to know how the reactivity behaves with 
changes in temperature. The temperature coef- 





ficient of reactivity is due to (1) the dependence 
of neutron cross section on neutron energy, (2) 
the dependence of material densities on the 
temperatures of the materials utilized in the 
reactor, and (3) the dependence of resonance 
capture on the temperature of the resonance 
captor. 

Reference 14 reports measurements of buck- 
ling as a function of temperature in a graphite 
exponential pile of 7',-in. lattice spacing. The 
lattice section of the assembly was a 101-in. 
cube which was set on six 1- by 2-in. graphite 
shims on top of a 20-in.-thick graphite base. 
The pile was loaded with natural-uranium fuel 
elements of 1.36 in. in diameter by 4 in. in 
length. This loading gives a uranium volume 
in the lattice cell of 9.37 cm*/cm of length, an 
aluminum volume of 3.31 cm*/cm, a graphite 
volume of 347.49 cm*/cm, and an annular void 
volume around the slugs of 2.33 cm*/cm. The 
density of the graphite utilized in the pile was 
1.648 g/cm’. The exponential pile was heated 
electrically to a maximum of 460°C. 

The material buckling variation with tempera- 
ture obtained from the experiment is —9.72 x 
10-°em~’/°C. This results in a temperature 
coefficient with a pile atmosphere of air of 


1 AB’ 4/0 
3 —— =~9,92 x 1074/°C (air) 


From the critical equation 


_ (1 + Bin Li) en” 
= ef,,p 


it can be seen that if the dependency of the 
parameters f,, p, L%, and ton the thermal 
temperature of a reactor can be calculated then 
the dependency of 7 on temperature can be de- 
termined. The results of the reported calcula- 
tions of the lattice parameters are reproduced 
in Table I-5. 

A least squares analysis of the kw determined 
from the experimental bucklings and the calcu- 
lated lattice parameters result in the tempera- 
ture coefficient 


oe = i 88 KOC (air) 


Theoretical corrections were made to the 
parameters in Table I-5 for the presence of 
air in the pile. The corrected temperature 
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coefficients for the air-free pile are 


1 AB*n oe —4 0 

i, nlm catia Via © 
and 

1 Ake _ ia 

—— 4.99 x 10°°/°C 


Reference 15 reports measurements of the 
variation of thermal-neutron diffusion length 
in graphite with temperature, up to 500°C. The 
observed variation is in good agreement with 
that predicted by the relation 


L? = (3N og Otr)* 


where N, o,, and ot, denote, respectively, the 
density of nuclei, the thermal microscopic ab- 
sorption cross section, and the thermal micro- 
scopic transport cross section and where the 
transport cross section is assumed constant 
with temperature and the absorption cross sec- 
tion is assumed to vary as 1/VT. 


Small Graphite-moderated 


Beryllium-reflected Assemblies 


Critical experiments on small graphite-mod- 
erated beryllium-reflected assemblies, fueled 
with highly enriched U**5 foils, are reported in 
reference 16. Core lengths of ~77 cm were 
used, with core radii from 31.3 to 48.8cm. The 
radial beryllium reflector thickness varied 
from 12 to 14 cm. Critical masses from 17.4 
to 57.5 kg were observed, the larger values 
being associated with the smaller core radii. 
The data, including flux distributions and fis- 
sion distributions, are presented in considera- 
ble detail. 


Conversion Ratio of PWR Blanket 


Reference 17 presents results of experi- 
mental measurements of the initial conversion 
ratio in the natural-uranium oxide blanket of a 
mock-up critical assembly of the Pressurized 
Water Reactor (PWR). The experimental values 
reported were ‘determined on two of the fuel 
assemblies of the outer blanket. The PWR 


Table I-5 RESULTS OF THEORETICAL CALCULATIONS* 











Experimental 
Temp., °C ‘ p L? r B?, UB ke 7 

20 0.9128 0.8593 188.5 251.9 97.9 1.0542 1.3011 
100 0.9166 0.8574 201.6 348.3 90.6 1.0509 1.2946 
200 0.9203 0.8553 216.7 346.1 79.7 1.0457 1.2862 
300 0.9230 0.8533 230.2 343.6 71.0 1.0414 1.2801 
400 0.9249 0.8521 243.3 341.1 60.6 1.0359 1.2726 
460 0.9264 0.8511 249.0 340.5 55.5 1.0332 1.2686 

*é€ = 1.0329 for all pile temperatures. 


An expression was obtained, from the ex- 
perimental data, relating reactivity change to 
changes in moderator temperature and fuel ex- 
posure. As expected from the Pu’ fission 
cross-section variation with neutron energy in 
the thermal energy range, the experimental re- 
sults showeda strong positive increase in graph- 
ite coefficient with exposure level. No attempt 
was made to compare the experimental results 
with theoretical calculations based on the ther- 
mal-neutron equilibrium distribution existing 
in the pile and on the Pu?” cross-section vari- 
ation withneutron energy. The report discusses 
and, in some cases, evaluates the possible 
sources of errors arising in the interpretation 
of the experimental results. 


power-reactor core consists of an annular 
“seed” region of highly enriched uranium and 
an inner and outer “blanket” of natural-ura- 
nium oxide. It is stated that there is not a large 
difference between the true PWR design and 
the mock-up; thus the values of initial conver- 
sion ratio in the PWR power reactor can be in- 
ferred from the values measured in the critical 
assembly. 

Radiative capture of neutrons in the U?*® of 
the natural-uranium blanket results in the pro- 
duction of Pu? thus giving increased core life. 
The conversion ratio is expected to vary with 
position in the blanket because of the neutron 
flux spectrum variation over the blanket volume. 
The major variation in flux spectrum arises 
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from the nonhomogeneity of composition of the 
blanket region, mainly due to the water channels 
between the assemblies of fuel rods. As a re- 
sult of this nonhomogeneity, large local changes 
occur in the moderating and absorption proper- 
ties of the blanket region, and there are rather 
large local variations in neutron flux spectrum. 

The reference describes the experimental 
techniques used in the measurements and com- 
pares the experimental results with theoretical 
calculations based on four-energy group diffu- 
sion theory. Two geometric representations of 
the critical assembly were used in the calcula- 
tions: (1) the seed and blanket regions were 
each separately described as homogeneous mix- 
tures of appropriate composition with the water 
channels explicitly described as separate re- 
gions and (2) the water channels were “smeared 
out” into the fuel regions so only the grossly 
different regions of seed, blanket, and external 
water reflector were differentiated as to com- 
position. 

The calculations which explicitly describe 
the water channels agree fairly well with the 
experimental results. The smeared out calcu- 
lation, although it fails to describe the large 
local variations actually obtained, appears to 
predict the average value of conversion ratio in 
the blanket — stated to be ~1.15—quite well. 

The conversion ratio in the blanket alone 
would be expected to be quite high, since the fuel 
is natural uranium, and the fuel to moderator 
ratio is rather high, giving a low resonance es- 
cape probability. The net conversion ratio for 
the entire reactor must take into account the 
destruction of U** in the highly enriched seed 
and therefore is much lower. The net conver- 
sion ratio is related to the blanket conversion 
ratio approximately by 


Net conversion ratio = (blanket conversion 
ratio) x (fraction of total power produced 
in blanket) 


The fraction of power generation in the blanket 
has been estimated'® to be 0.5 at the beginning 
of core life and 0.45after the equivalent of 3000 
full-power hours of operation. 


Doppler Effect 


In fast-neutron reactors it is theoretically 
possible for the fission resonances of U** to 
give a positive component to the temperature 
coefficient of reactivity because of Doppler 


broadening of the resonances. Doppler broad- 
ening of the U**® absorption resonances would 
have an opposite reactivity effect, and it would 
be expected that the net prompt temperature 
coefficient would be negative for fast reactors 
which contain relatively high proportions of U?"®, 
Several experiments have been performed’® in 
the Argonne fast critical facility, ZPR-II, to 
investigate the Doppler effect in assemblies 
simulating EBR-I, which contains a negligible 
fraction of U*** in the core, and EBR-II, which 
will contain roughly equal fractions of U** and 
1 ea 

The over-all temperature coefficients of three 
assemblies, two of whichapproximated the EBR- 
II core composition, were measured. The meas- 
ured values were negative in both cases. They 
were then calculated, and the results were com- 
pared tothe measured values. No Doppler effect 
was included inthe calculations. The agreement 
between the measured and the calculated tem- 
perature coefficients was reasonably good. The 
third assembly differed from the other two in 
that the U’*® was replaced by steel. This change 
did not result in a marked decrease of the neza- 
tive temperature coefficient, as would have 
been the case if Doppler broadening were play- 
ing an important part in the coefficient. 

The Doppler effect has remained a possible 
explanation of the positive prompt power coef- 
ficient of reactivity in EBR-I, even though bow- 
ing of the fuel elements appears to be the most 
plausible explanation of the effect.2> The EBR-I 
was mocked up in ZPR-III, and the assembly 
was investigated for the Doppler effect. The 
measured core temperature coefficient (nega- 
tive) and the calculated (without Doppler effect) 
temperature coefficient showed little difference. 
The small difference could be assumed to be 
due to a small positive Doppler effect. The dif- 
ference is slightly less than the predicted theo- 
retical Doppler effect for EBR-I. Hence the 
experiment strongly indicates that the Doppler 
effect was not the primary cause of the much 
larger prompt coefficient in EBR-I, and the 
experimental results are in best agreement 
with calculated temperature coefficients if a 
Doppler effect equal to or less than the theoreti- 
cal value is used. 

A direct measurement of the Doppler effect 
was attempted in an assembly having approxi- 
mately the EBR-II composition. No effect was 
seen, but the limits of sensitivity of the experi- 
ment were such that it allowed only the deter- 
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mination of an upper limit of 9 x 107!! (Ak/k)/ 
g vu" °C for the Doppler temperature coefficient 
of reactivity. This is about a factor of 3 greater 
than the current theoretical predictions.”!»”” 


A second experiment to measure the Doppler 
effect for U?** was made in an assembly which 
was a mock-up of EBR-I. A helical element of 
U5 was first thermally cycled in the assembly 
with U*°as the fuel. The assembly was then re- 
loaded with plutonium as the fuel, maintaining 
approximately the same geometry, and the ele- 
ment was thermally cycled again. The purpose 
of the plutonium-fueled assembly was to obtain 
an estimate of the effects of motions of the 
heated element due to thermal expansion. The 
Doppler effect of the uranium resonances of the 
element interacting with the uranium resonances 
of the core, and small motions of the element 
due to expansion, can each produce a small but 
presumably measurable reactivity change. In 
order to obtain a true Doppler effect measure- 
ment, it is necessary to correct the observed 
reactivity change on thermal cycling for the ef- 
fect due to this motion. The experiment was per- 
formed first in the uranium-fueled assembly, 
then in the plutonium-fueled assembly, where 
any Doppler effect should be very sharply re- 
duced in magnitude. The results indicate the 
following upper limit for the Doppler effect in 
the uranium-fueled assembly for the tempera- 
ture range involved: 


as (Doppler effect) <+ 1.2 x 107'!/g u***/"c 


As a result of these experiments, it is con- 
sidered reasonable at the present time to as- 
sume a Doppler coefficient for EBR-II equal to 
1.5 x 10°® (Ak/k)/°C. Although this is only half 
the value calculated theoretically in reference 
21, it is stated’® that more recent theoretical 
work indicates lower values.”* 


Experiments have been performed in the Han- 
ford Test Pile*4 to measure the Doppler coef- 
ficient of U**® for reactor loadings containing 
low density concentrations of U**. The Test 
Pile is a thermal-neutron reactor. The con- 
clusion drawn from the results of these experi- 
ments is that the Doppler coefficient of U?* at 
these densities is too small to be measured 
with the Hanford Test Pile. 


The Coupled Fast-Thermal Assembly 


In reference 25 measurements related to the 
coupling of the fast and thermal sections of the 
Argonne ZPR-V critical assembly are de- 
scribed. ZPR-V is a zero power coupled fast- 
thermal critical assembly, involving a dilute 
fast core surrounded by a light water moderated 
enriched-uranium thermal annulus. The two 
regions are coupled through an annular natural- 
uranium isolation blanket. This facility is used 
in studying some of the properties of dilute fast 
reactor systems as well as those of coupled 
fast-thermal power breeders. The fast-thermal 
reactor is of interest because of the expecta- 
tion that thermal reactor control character- 
istics (reasonably long neutron lifetime; sensi- 
tivity to thermally absorbing control rods) may 
be approximated in the reactor while maintain- 
ing a conversion ratio which approaches that 
of a pure fast system. 

From the standpoint of reactor control, the 
quantities of interest in a given fast-thermal 
system are the effective prompt neutron life- 
time and the reactivity sensitivity of the coupled 
system to changes in the compositions of the 
fast and thermal sections. These two character- 
istics have been investigated in the reported 
work, the reactivity effects being described in 
terms of the “reactivity fraction’’ of each region 
of the reactor. The reactivity fraction of a 
given region is defined theoretically as the 
ratio of the spatial integral (over the region) 
of the neutron production density, weighted with 
the adjoint flux, to the integral of the adjoint- 
weighted production density over the total re- 
actor. The measured reactivity fractions for 
the fast core, the isolation blanket, and the 
thermal annulus were, respectively, 0.24, 0.14, 
and 0.61. The measured effective prompt neu- 
tron lifetime was 39.0 + 3.0 usec. 

From the standpoints of conversion ratio and 
fuel economy, the interesting quantity in a given 
system is the ratio of the number of fast fis- 
sions to the number of thermal fissions. This 
ratio is stated in the reference in terms of the 
ratio of the number of neutrons emitted by fast 
fissions to the number emitted by slow fissions. 
The measured value of this quantity is 0.43. 
The fast to thermal fission ratio would be 
slightly lower than this number. 

In a fast-thermal power reactor, it would be 
expected that the fast core wouldbe made larger 
relative to the thermal annulus than it is in 
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ZPR-V. For such a case the reactivity fraction 
of the fast core, as well as the fast to thermal 
fission ratio, would be larger. The effective 
prompt neutron lifetime would decrease, al- 
though not necessarily by a large amount. 


Alpha Measurements in EBR-I 


The results of capture to fission ratio meas- 
urements for U?*5 and Pu?®® at various locations 
in EBR-I have been reported in reference 26. 
The number of capture events in the U*® and 
Pu? samples, respectively, were determined 
by mass spectrometric measurement of the 
increase in U*** or Pu*!® content of each sample. 
The number of fissions in each sample was 
determined by radiochemical assay of the fis- 
sion product Cs'°", The variation of a, both 
radially and axially, has been determined. 
These measurements will be very useful in the 
analysis of fast reactor systems for they repre- 
sent effective values of a for the type of neu- 
tron spectrum characteristic of such systems. 
The effective energy of the spectrum varies 
over a wide range in EBR-I, from the center 
of the core, which is fueled with highly enriched 
U5, through the natural-uranium inner and 
outer blankets, which are finally surrounded by 
graphite. Within this range neutron energy spec- 
tra can probably be found which approximate 
the spectra of most fast reactors of interest 
for power generation. Measurements of the 
neutron energy spectrum at various points in 
EBR-I have been previously reported.”” 

If it is assumed that vy, the number of neu- 
trons emitted per fission, is constant at the 
thermal value, values of 7, the number of neu- 
trons produced per neutron absorbed in the 
fissionable isotope, can be derived from the a 
measurements. For Pu’? the value of 7 so de- 
rived is near 2.7 at the center of EBR-I and 
remains above 2.0 throughout the inner blanket 
and most of the outer blanket. For U*** 7 falls 
below 2.0 at a point about two-thirds through 
the inner blanket. 


Resonance Absorption 


in Uranium Rods 


Reference 28 reports a measurement of the 
spatial distribution of U*** resonance capture 
in a 1.3 per cent enriched-uranium metal rod 
0.387 in. in diameter. The metal fuel rod was 





installed as the center rod of a uranium oxide 
fueled lattice moderated by light water. The 
U33 resonance capture was measured in a 
cadmium-covered section of the rod as a func- 
tion of radial position in the rod, using depleted 
U8 foils. The activity observed was the 103- 
kev X ray emitted in the de-excitation of the 
excited state of Pu’®® to the ground state by 
internal conversion. The distribution in the 
body of the cylinder was measured by flat metal 
foils, whereas the distribution near the surface, 
to a depth of 0.065 in., was measured by a long 
thin (0.002 in.) spiral foil of natural uranium 
which was wound onto a section of the cylinder 
having an appropriately reduced diameter. The 
distribution of resonance capture was found to 
be rather flat at depths greater than 40 mils. 

If the resonance integral is assumed to have 
the usual form 


s 
RI=A(1+n=) 


the value of » can be derived from the observed 
distribution. The value of » 8/m was found tobe 
0.28. The corresponding value calculated from 
the results of Creutz et al.” would be 0.59. It 
is stated that this value would drop to 0.52 if a 
correction were made for the interaction of 
neighboring rods. The difference shown in this 
comparison suggests that part of the surface 
term in the expression is contributing to the 
volume activation in the small rod used for the 
tests. 

Measurements of this type are of great value 
as data for the better understanding of resonance 
absorption in lumped absorbers. For the de- 
velopment of improved theoretical treatments 
of the problem, detailed measurements of this 
type are needed in addition to the gross meas- 
urements of resonance escape probability in 
various lattices. 


Control Rods 


The most widely used method of controlling 
a reactor is the insertion of a neutron ab- 
sorbing material into the core region by me- 
chanical means. The neutron absorbing ma- 
terial, or control rod, changes the neutron 
reproduction factor to a desired level and pro- 
duces changes in the neutron flux and power 
distributions. The treatment of these changes 
is one of the functions of reactor physics. In 








10 GENERAL RESEARCH AND DEVELOPMENT 


some cases it poses complex and difficult prob- 
lems. For example, the usual control-rod ar- 
rangement in an H,O moderated reactor —an 
array of cruciform rods in a cylindrical core — 
is a formidable problem to treat analytically. 


The Reactor Control Meeting in Los Angeles, 
Mar. 6-8, 1957, was devoted mainly to con- 
siderations of control-rod physics. The fol- 
lowing sections contain a brief discussion of 
this subject, based on the recently issued un- 
classified record of the meeting® and on arti- 
cles from the October 1957 Bettis Technical 
Review.*! Most of the material is slanted to- 
ward the problems of H,O moderated reactors, 
but most of the theoretical methods have gen- 
eral applicability. 


Geometry 


The term “rod”’ is often a misnomer as ap- 
plied to the control elements used in a practical 
reactor design. Most control elements being 
used in water moderated reactors are thin 
Slabs, or configurations such as the wye and 
the cross, which may be considered as as- 
semblies of thin slabs. The reason for using 
thin slabs is that this geometry furnishes a 
large surface to mass ratio, which gives a high 
probability of neutron capture without taking up 
much room in the reactor core. 


A method of calculating slab type control rods 
has been published recently by Hurwitz and 
Roe.*”? This method is a one-group treatment 
for a black control rod and involves the calcu- 
lation of an effective area around the rod within 
which all neutrons are considered to be cap- 
tured by the rod. This absorption area in the 
limit of small thermal diffusion lengths is 
simply the product of the diffusion length and 
the effective perimeter, which, in turn, is the 
geometric perimeter plus a correction for the 
corners. Once the absorption area is deter- 
mined, the rod can be eliminated from the 
calculation, and the absorption area can be 
treated as a region of zero fission probability 
or of zero source strength for the thermal- 
neutron group. This theory has been corrected 
for the fact that, in general, the flux does not 
go to zero at the surface of the absorber and 
has been extended to include gray control 
rods.** Further extensions of the theory to 
include more than one energy group have also 
been made.?-* 


This method is particularly useful if the rods 
can be considered as uniformly distributed over 
the reactor core or if the core can be divided 
into coaxial regions each of which contains a 
uniform rod distribution. In its application the 
method is rather similar to the cell method.*”> 
Calculational methods, 3° +3°4+36 which are ex- 
tensions of the Nordheim-Scalettar method,*” 
are useful for strong off-center rods installed 
in patterns which are not easily handled by the 
absorption area or celltechniques. These meth- 
ods usually apply only to rods of simple shapes 
(e.g., circular cylinders). Often more complex 
shapes can be converted to equivalent cylinders 
by the absorption area method or by other 
methods. 

Since the relation between neutron absorption 
in the rod and reactivity is dependent on the rod 
position, the calculation of a group of partially 
inserted slab type rods is a three-dimensional 
problem and no straightforward analytical so- 
lution is available, although a three-dimensional 
machine code (TRIXY) for the IBM 704 has 
recently been. developed for this problem.* At 
present such problems are being solved by 
calculations assuming all rods ina bank (window 
shade technique) and by patching together pieces 
of two-dimensional calculations. 


Epithermal Absorption Cross Section 


Most of the elements that are considered for 
control-rod materials have large epithermal 
resonance absorption cross sections, and it is 
generally acknowledged that the effect of epi- 
thermal absorption may be quite large. For 
example, a comparison of hafnium and cadmium 
slabs of the same thickness (~0.100 in.) in a 
polyethylene moderated critical assembly re- 
veals that hafnium is 25 per cent more effec- 
tive. Since cadmium of this thickness is 
black to thermal neutrons whereas hafnium is 
somewhat transparent, the difference in their 
effectiveness is due to the large epithermal 
resonances in hafnium. 

Unfortunately, there are rather large un- 
certainties regarding the calculation of epi- 
thermal absorptions. These uncertainties are 
caused by various factors, such as incomplete 
and poor resolution in cross-section measure- 
ments, uncertainty in the proportion of each 
resonance attributed to absorption, and spatial 
and energy self-shielding effects. Nevertheless, 
a considerable amount of theoretical calcula- 
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tion has been performed to derive effective 
epithermal constants, particularly for applica- 
tion to control-rod regions in digital computer 
codes, f+508 +39 However, most of the applied 
methods fit constants empirically to experi- 
mental measurements in order to avoid un- 
certainties. 


Since the epithermal capture is large in the 
important cases, the control rod undoubtedly 
perturbs the existing flux spectrum in the 
vicinity of the rod. However, most calculations 
are made without taking into account the epi- 
thermal flux depression and are made by as- 
suming that the spectrum is characteristic of 
the fuel-moderator region, usually of the 1/E 
variety. 


Power Distribution 


It is desirable that the control-rod system be 
so designed that it produces the minimum ad- 
verse effect on the reactor power distribution. 
In a reactor having several strong control rods 
moved in a bank, the average power density in 
the control-rod region may be quite small; the 
heat generation is then confined almost entirely 
to the rodless region, and the total power ca- 
pacity of the reactor is reduced. To minimize 
such effects, the rods should be programmed 
to utilize the core as effectively as possible for 
heat transfer. The axial flux distortion can be 
minimized by operating rods one at a time so 
that every rod except one is either completely 
in the core or completely out. Similarly, the 
radial power distribution can be flattened by a 
suitable placement of rods with respect to the 
radial direction. 


The development of an optimum rod program- 
ming procedure would include a complete study 
of the reactor throughout its life and possibly 
would require three-dimensional multiple con- 
trol-rod calculations. Actual rod programs are 
usually based on simpler analyses, often pri- 
marily on analyses of the condition at start-up, 
when the reactor is near its maximum reactivity. 
However, care is necessary insuch calculations 
to ensure that the power distribution does not 
get worse with reactor operation. Some of the 
techniques involved in approximating three- 
dimensional power distributions for reactors 
containing banks of partially inserted rods are 
described in references 30b and 40-42. 





Control-rod Channels 


A troublesome effect which usually accom- 
panies the use of absorbing control rods in H,O 
moderated reactors is the thermal-flux peaking 
in the water channels which are left when the 
rods are withdrawn. This peaking increases 
significantly the power density in the fuel ele- 
ments adjacent to the channel, relative to the 
power density in elements farther away. Since 
some of the control rods are almost always 
installed in regions of the core where the gen- 
eral level of power density is highest, the ad- 
ditional power peaking near these rod channels 
adds appreciably to the maximum to average 
power ratio for the core. Control-rod followers 
composed of low absorption materials can re- 
duce this effect by keeping the water out of the 
region vacated by the rod. However, the use of 
followers usually requires a longer and more 
expensive pressure vessel. The followers can 
only partially eliminate the peaking effect be- 
cause adequate mechanical clearances must be 
maintained. A considerable amount of effort 
has been made to calculate accurately the 
water-channel power peaking factors. *°)»%i The 
presence of corners in the channels introduces 
severe mathematical difficulty because of the 
slow convergence of the more precise solutions 
for this case. 

If the control-rod follower consists of a 
modified fuel element, the water-channel flux 
peaking may be largely eliminated. Control 
rods employing such followers usually have a 
shape which approximates that of the standard 
fuel subassemblies used in the reactor core. 
The absorbing section may be a shell of ab- 
sorbing material filled with water; the water 
also serves as the coolant for the fueled sec- 
tion of the rod. In addition to the low energy 
neutrons which diffuse to the absorbing shell 
from the external fueled region, neutrons slowed 
down by the water inside the shell are also 
captured. The reactivity worth of such a rod 
can therefore be quite large. Rods of this type 
are used in the Materials Testing Reactor 
(MTR) and the Army Package Power Reactor 
(APPR). References 30j and 30k describe the 
APPR control rods and their characteristics. 

The possibility of an inverted reactivity ef- 
fect (partial insertion of the control rod causes 
an increase rather than adecrease of reactivity) 
under certain conditions with control rods using 
fuel bearing followers has been pointed out.‘ 
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This condition can occur if a number of strong 
control rods are operated as a bank. When the 
bank of rods is partially inserted, the effective 
position of the core (reactivity-wise) is dis- 
placed away from the region occupied by the 
absorbing sections of the rods and toward the 
reflector at the opposite end of the core. The 
movement of fuel toward this more effective 
end of the reactor (i.e., the insertion of a con- 
trol rod not included in the original bank of 
rods) could then result in a reactivity increase. 
This situation can be avoided by proper pro- 
gramming of the rods. 


Coolant and Jacketing Effects 


The necessities of cooling the control rod, 
and, in some cases, of jacketing the absorbing 
material, introduce other uncertainties. The 
coolant and cladding both tend to reflect neu- 
trons away from the rod; in addition the coolant, 
if water, also slows down more neutrons in the 
vicinity of the rod. These are thin region ef- 
fects which are difficult to calculate but can 
conceivably be important.*® 


Variations in Control-rod Worth 


Since control-rod worth is a function of the 
diffusion length in the surrounding medium, a 
change in temperature, which has a pronounced 
effect on diffusion length, affects the rod worth. 
In a practical reactor the composition changes 
with time as fuel is burned and plutonium is 
formed. This change also affects the diffusion 
length and the rod worth. If burn-up of the ab- 
sorbing material in the rods is appreciable, the 
blackness of the rods will change with time. 
Reference 301 is a study of the change of rod 
worth with temperature and fuel exposure ina 
graphite moderated reactor. 


Experimental Measurements 


Experimental measurements of the quantities 
important for control-rod installations are nec- 
essary for evaluating the adequacy of approxi- 
mations used in calculations. Further, in the 
final design of a power reactor, such measure- 
ments are usually necessary in order to verify 
the adequacy of control and the power distribu- 
tions for the specific design. Theoretical ex- 
tensions of the measurements are, however, 
usually required because it is impractical to 
duplicate all operating conditions in the critical 
assembly. Reports of measurements on critical 


reactor mock-ups and on operating reactors 
are contained in references 30j, 30k, 30m, and 
30n. Experiments related to the relative ef- 
fectiveness of different control-rod materials 
and to the effects of individual control-rod 
geometry are contained in references 30e, 
30g, and 300. Measurements related to the 
evaluation of methods for calculating control- 
rod worths and flux distributions are contained 
in references 30p, 30q, 30r, and 45. 


One of the difficulties in utilizing experi- 
mental results for the evaluation and extension 
of theoretical work is the difficulty of measuring 
the reactivity worth of control rods or groups 
of control rods when the worth is very large. 
The ideal scheme for such a measurement 
would be to remove the rods suddenly and ob- 
serve the resulting period of exponential neu- 
tron flux increase. This method is, of course, 
impractical for large reactivity changes. The 
alternate direct measurement is by the rod-drop 
method. This method has a number of short- 
comings which are related primarily to the 
changes in flux distribution caused by the in- 
sertion of the rods. Measurements of reactivity 
worth by the rod-drop method, and of the dif- 
ficulties involved, are discussed in references 
30p and 30s. 


Other Control Methods 


Full control is possible in small reactors by 
varying the reflector properties and thereby 
varying the neutron leakage out of the reactor. 
The method of control is particularly suited 
for reactors of the fast and intermediate energy 
variety and is also applicable to small light 
water reactors. Control is attained by sub- 
stituting a good reflector, such as beryllium or 
uranium, for a poor reflector such as a boron 
compound or air. Complete control by the re- 
flector method is limited to reactors whose 
size, measured in migration lengths, is small. 
It can also be used as shim control on larger 
reactors. A simple type of reflector control 
for H,O or D,O moderated reactors is that in 
which the thickness ofthe top reflector is varied. 
For tube type or calandria type reactors, the 
method can be extended to variation of the 
moderator height in the core. This system has 
been used in the NRX reactor and is planned 
for other Canadian reactors. The method has 
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also been proposed for control of a boiling 
water reactor.” 


If the moderating or absorbing properties of 
the moderator can be varied, control of re- 
activity can be achieved by this method. The 
possibilities which have been suggested for 
varying the moderator properties include the 
use of a separate water moderator system ina 
water-cooled water-moderated reactor*” and 
the use of D,O-H,O mixtures in which the H,O 
content can be increased as reactor operation 
proceeds to compensate for reactivity loss. ® 
One of the advantages of a system which con- 
trols by varying the moderating properties is 


that excess neutrons can be absorbed in the 
u?38 resonances, rather than in parasitic ab- 
sorbers, and thus can contribute to the produc- 
tion of fissionable isotope. 


Chemical poisoning of the moderator may be 
used as a means of varying the moderator 
properties; the control is then by parasitic 
neutron absorption. Boron compounds such as 
H;BO;, Na,B,0,34H,0, and (NH,y)2By90;,5H,O may 
be dissolved in the coolant; control is achieved 
by changing the concentration of the poison. In 
the continuous use of soluble poisons in power 
reactors, there are a number of problems re- 
lated to solubility, stability of the chemical 
compound, and corrosiveness. Experience with 
soluble poisons in the BORAX reactors is sum- 
marized in reference 30t. The most extensive 
use of soluble poison in other reactors is for 
emergency shutdown. 


The use of a burnable poison is a means of 
reducing the initial excess reactivity required 
for a given fuel lifetime in a reactor of low 
conversion ratio. The burnable poison is an 
absorbing material having a microscopic cross 
section of such magnitude that the material is 
destroyed by neutron absorption at approxi- 
mately the proper rate to compensate for fuel 
burn-up. The poison can be incorporated into 
the fuel elements or may be contained in sepa- 
rate elements; it must, however, be dispersed 
rather thoroughly through the reactor core 
since the self-shielding of the material must 
be either zero or must have some specifically 
chosen value which leads to the proper rate of 
destruction. The considerations in choosing 
burnable poison arrangements which give good 
approximations to the desired rates of reactivity 
compensation are discussed in reference 30u. 


Briefly Noted Reports 


Reference 49 is a useful compilation of fis- 
sion-product data. Levels of fission products 
resulting from thermal fission of U** in re- 
actor fuels are computed over a wide range of 
reactor operation conditions and decay times. 
Values for approximately 300 fission products 
are presented in graphical form together with 
gross totals of their activities, radiation powers, 
and thermal-neutron poisoning. The gamma 
spectrum is further broken into four groups of 
specified energy ranges, which are suitable for 
use in shielding design. Tabulations of these 
properties are arranged as to chain or mass 
number, element, and as to the rare-gas and 
rare-earth groups. The calculations assume 
constant replenishment of U**, constant reactor 
power operation, and no fission-product sepa- 
rations during irradiation. Properties of indi- 
vidual fission products are summed for each 
decay chain (mass number), each element 
(atomic number), the rare gases, and the rare 
earths over a thermal flux range from 10" to 
104 neutrons/cm?/sec, an irradiation time 
range from 10° to 10° sec, and a decay time 
range from 10° to 10° sec. 

Reference 50 covers computed photon energy 
radiation rates and photon emission rates from 
the fission products produced by thermal-neu- 
tron fission of U?**, Curves are given showing 
photon energy radiation rates, photon emission 
rates, and beta rates for a time range of about 
46 min to about 300 years after fission, with the 
relative contributions of the fission-product ele- 
ments to the total. 

Reference 51 is a detailed tabulation of the 
neutron cross sections of U*** — capture, fission, 
scattering, transport, and total—over the neu- 
tron energy range from 0.0252 to 33.7 ev, as 
calculated from the resonance parameters by 
the single level Breit-Wigner formula. 

Reference 52 contains a collection of neutron 
cross sections averaged over the calculated 
Wigner-Wilkins spectrum for a hydrogen mod- 
erator containing various ratios of absorber to 
hydrogen. The absorbers considered are U**, 
Pu’. a 1/v absorber, and mixtures of the three. 
The important cross sections are given for 
U235, 283 py?39 py*4? py?At Am"! Np", xe135, 
Sm‘, indium, hafnium, gadolinium, europium, 
cadmium, Au!®’, hydrogen, and a 1/v absorber. 
The tabulation should prove very useful in cal- 
culations of H,O moderated reactors. 
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Reference 53 is a tabulation of useful cross 
sections averaged over the Maxwell-Boltzmann 
neutron energy spectrum. The range of mean 
spectrum energy covered is from 0.0253 to 
0.24 ev. The averages are based on the cross- 
section curves of report BNL-325. 

Reference 54 is a record of the reports to the 
AEC Nuclear Cross Sections Advisory Group, 
which met July 17-18, 1957. Recent results of 
cross-section measurements are reported. 

Reference 55 reports results of exponential 
experiments on a diphenyl moderated lattice of 
l-in.-diameter uranium rods. The transport 
mean free path of diphenyl is given and buck- 
lings for natural and 0.9124 per cent enriched 
uranium. 

Reference 56 reports a study of the (n,2n) 
reaction in beryllium, using neutrons from a 
mock-fission source and from a plutonium- 
beryllium source. Neither of these sources 
simulates the true fission spectrum well in the 
higher energy regions, and the measurements 
are therefore subject to uncertainties. It is 
stated, however, that, if fission neutrons are 
permitted to collide with beryllium before they 
are degraded below threshold of the reaction by 
collisions with other materials, the (n,2n) reac- 
tion can make a significant contribution to the 
neutron economy of a reactor. 
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HEAT TRANSFER 





Burn-out Measurements 


The uncertainties in the limitation imposed by 
fuel-element burn-out on maximum heat flux is 
one of the reasons for the present conservatism 
in heat removal design for water-cooled re- 
actors. Experimental data! are presented on the 
heat-flux limitation, due to the “boiling-burn- 
out” phenomenon, for the forced circulation of 
high-purity water in a 0.192-in. horizontal an- 
nulus of 1.43 in. I.D. and 21 ft heated length. 
The geometry and size of the heat-generating 
element and flow passage are of a scale com- 
parable topractical heat-transfer configurations 
for large power reactors, for example, reac- 
tors fueled with natural or slightly enriched 
uranium, moderated by heavy water or graphite, 
and cooled by light or heavy water. The data are 
sparse but, nevertheless, thinly cover a broad 
and interesting range of heat-transfer and flow 
conditions. Pressures range from 590 to 2010 
psia and heat fluxes up to 378,000 Btu/hr/sq ft. 
Bulk boiling of the water occurs within the an- 
nular flow passage and gives outlet steam quali- 
ties ranging from 22.7 to 44.4 wt. %. Hence the 
net steam generation in the flow passage is 
quite large. 

In the experiments the transition from nucle- 
ate boiling to film boiling, which leads to the 
boiling-burn-out condition and which is indi- 
cated by an accelerating increase in heater rod 
temperature for fixed flow and heating condi- 
tions, was quite gradual. For heater elements 
of much smaller heat capacity than those used 
in the experiments, the transition is much more 
abrupt, as shown by boiling-burn-out experi- 
ments utilizing small thin-walled tubes as the 
heating elements.” On this basis and on the basis 
of other qualitative arguments, it is concluded! 
that the burn-out heat-flux limit will probably 
be dependent on heater size, shape, and heat 
capacity and on coolant passage arrangement. 
Further, it is probable that the burn-out heat 
flux for flow through multiple flow passages is 
different from that obtained at a given mass 
flow through a single passage, particularly for 


the case of nonuniform heating of the different 
flow passages. These considerations must be 
experimentally investigated before reliable gen- 
eral conclusions on burn-out heat fluxes can be 
made. 

Unfortunately, no pressure-drop data are 
given for the various flow and heat-generation 
conditions investigated. These data are required 
for determining the flow distribution in nonuni- 
formly heated multiple flow passages such as 
those which exist in power reactors. However, 
‘he data represent a useful addition to the exist- 
ing body of data on burn-out. 

Reference 3 presents results of an experi- 
mental investigation of burn-out heat flux at 
conditions of interest in connection with the de- 
sign of pressurized water reactors. Burn-out 
was investigated for a wide range of variables, 
i.e., for various flow-channel sizes, geome- 
tries, materials, and positions (vertical or in- 
clined 45 deg) and for both uniform and non- 
uniform axial heat-flux distributions. The water 
pressures were 830, 1215, and 2000 psia. Data 
plots of burn-out heat flux vs. mass velocity 
are presented to show the effects of the vari- 
ables tested. As is generally characteristic of 
burn-out heat-flux data, appreciable scatter of 
the data is obtained. 

As a resultof the investigation, an expression 
is suggested as a design equation for predicting 
burn-out heat flux at 2000 psia, provided no ex- 
trapolation is made to conditions not covered in 
the tests. Comparisons are made, for the vari- 
ous test conditions, of the experimentally meas- 
ured values of burn-out heat flux with the values 
indicated by the design equation. The design 
equation generally appears to give a safe upper 
limit to the heat flux for avoiding burn-out, 
although, for many of the test conditions, the 
burn-out limit given by the design equation is 
extremely conservative. 

Burn-out tests were also conducted to deter- 
mine the effect of installing flow channels in 
parallel with the channel in which the burn-out 
heat-flux condition is approached. The tests in- 
dicate that parallel-channel burn-out is appar- 
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ently similar to that noted with single channels, 
although the test data plotted give slightly 
smaller burn-out heat fluxes for the paralleled 
channel. 


Heat Transfer Under 


Supercritical Conditions 


Pressurized-water type reactors with the 
coolant water at supercritical pressures (> 3206 
psia) have been proposed for ship propulsion 
and may be of interest for central-station power 
reactors. A general discussion of the problems 
involved in the development of a supercritical- 
water reactor power plant is presented in refer- 
ence 4. Data are presented in reference 5 on 
the forced-convection heat-transfer character- 
istics of supercritical water flowing through 
heated tubes. Friction pressure-drop data are 
also presented. These data represent the re- 
sults of a comprehensive experimental effort 
on this subject. Pressures range from 4000 to 
8000 psia, fluid bulk temperatures from 400 to 
1000°F, tube-wall temperatures from 400 to 
1400°F, and heat fluxes from 0.1 x 10°to3 x 10® 
Btu/hr/sq ft. 

Correlation of the heat-transfer data is not 
possible due to several factors: 

1. The fluid properties, such as specific heat, 
viscosity, and thermal conductivity, which con- 
trol the heat-transfer rates, are not well known 
as functions of temperature and pressure in the 
range of interest. Reference 5 gives the various 
sources of fluid-property values and compares, 
for supercritical water at 5000 psia and a range 
of temperatures, a heat-transfer property based 
on the data from the various sources. 

2. The fluid properties vary considerably 
with temperature in the usual range of interest. 
Hence, for large temperature differences be- 
tween the wall and the bulk fluid, the properties 
vary considerably across the fluid boundary 
layer. This property variation across the bound- 
ary layer must be accounted for in any correla- 
tion of the heat-transfer data. Analyses taking 
this into account have been made,**’ and a com- 
parison of experimental and calculated’ results 
are presented in reference 5. The agreement 
is good at the lower temperatures and gets 
progressively worse as temperatures are in- 
creased, presumably because of incorrect prop- 
erty values in reference 7 at the higher tem- 


peratures. The agreement is such as to give 
confidence in the type of analysis made in ref- 
erences 6 and 7. 

3. For large temperature differences which 
straddle a temperature region, called the pseu- 
docritical temperature region in reference 8, 
a boiling-like phenomenon appears to occur 
even though the pressure is above the critical 
value. As shown by the data presented in ref- 
erence 8 (data of the reference 5 work), the 
occurrence of this boiling-like phenomenon is 
evidenced by an abrupt radical change in tube- 
wall temperature profile along the length of the 
heated tube for a quite small change in heat flux 
to the water. Undoubtedly, a change in heat- 
transfer mechanism occurs. This phenomenon 
is accompanied by a loud whistling noise similar 
to noises heard during subcritical boiling, us- 
ually when the heat fluxes approach burn-out 
values. A qualitative description with several 
possible explanations for the boiling-like phe- 
nomenon are given in reference 8, 

Despite the difficulties of correlation, the 
heat-transfer and friction data of reference 5 
are presented in convenient fashion for ready 
use in calculations. 


Briefly Noted Reports 


Reference 9 contains a collection of papers 
presented at the Reactor Heat Transfer Confer- 
ence of 1956 in New York. The collection con- 
tains a number of reports both experimental 
and theoretical which represent general con- 
tributions to the theory and technology of heat 
transfer. A number of papers on transient heat 
transfer, both in the reactor core and in the en- 
tire primary loop, will be useful in connection 
with reactor safety and transient analysis. 
Other papers which may be of direct application 
for specific reactors are those on burn-out heat 
flux, heat transfer in circulating fuel reactors, 
heat transfer with polyphenyl coolants, and in- 
pile molten metal—water reaction experiments. 
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Transient Boiling Experiments 


The self-limitation of power in water-cooled 
water-moderated reactors under conditions of 
sudden large reactivity additions has beendem- 
onstrated by the BORAX and SPERT experi- 
ments. One of the mechanisms of power limita- 
tion is the rapid formation of steam at the fuel- 
element surfaces, the displacement of water from 
the reactor core, and the consequent decrease in 
neutron moderation and reduction of reactivity. 
Laboratory experiments on the characteristics 
of transient boiling have been made in the past, 
and, in fact, it was experiments of this kind 
which indicated that the self-protection char- 
acteristic would be a rapid and effective one and 
which therefore led to the BORAX experiments. 
A more recent study of transient boiling has 
been reported in reference 1. This study was 
made under conditions which approximate those 
in the BORAX and SPERT reactors more close- 
ly than did previous experiments, and it is there- 
fore of considerable interest for the insights it 
may give into the transient boiling process in 
such reactors. 

Heat was generated electrically at exponenti- 
ally increasing rates in platinum and aluminum 
ribbons immersed in subcooled water. The sur- 
face temperature of the ribbons was measured, 
and the growth of steam bubbles was photo- 
graphed with a high-speed camera. The effects 
of water temperature, exponential period (5 to 
75 msec), and gas concentration in the water 
were studied at atmospheric pressure. The 
following conclusions were drawn from the ex- 
perimental results. 


1. Whena metal surface in contact with water which 
is below the boiling point is heated rapidly, there is a 
measurable rise in surface temperature above the 
boiling point before boiling commences. Associated 
with this ‘‘temperature overshoot”’ is a ‘‘delay time.’’ 

2. There is no measurable temperature overshoot 
or delay time when the bulk water temperature is 
near the boiling point. 

3. During that part of an excursion preceding the 
beginning of boiling, the rate at which the surface 
temperature rises is too rapid for natural convection 
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to contribute to heat transfer. The stagnant water 
acts as asemi-infinite solid with regard to heat trans- 
fer, and the temperature rise can be computed by 
transient conduction theory. 

4. For exponential increases in the heat generation 
rate, the temperature overshoot and delay time in- 
crease as the bulk water temperature is decreased. 

5. The temperature overshoot increases as the ex- 
ponential period is decreased. Under some conditions 
the delay time goes through a maximum with varia- 
tion in period, being small for long periods that have 
little temperature overshoot and also being small for 
short periods where the rate of temperature rise is 
rapid. 

6. Once quasi-steady boiling has begun during an 
excursion, for periods greater than 15 msec with large 
subcooling, behavior of the system at any instant is 
not appreciably different than it would be for steady 
boiling. The critical heat flux (flux at the point of in- 
cipient film boiling) for these conditions is not greatly 
influenced by the transient state of the power. 


Qualitatively the results of the experiments 
appear to be consistent with the observed be- 
havior of the BORAX and SPERT reactors. An 
attempt to apply the results quantitatively to the 
reactor behavior would be of interest. 

Transient boiling experiments under some- 
what different conditions have been reported.” 
Bubble growth was studied photographically at 
the surface of an 8-mil Nichrome wire which 
was heated very rapidly by electrical impulses 
of 1-ysec duration. Delay times in the forma- 
tion of bubbles were observed, and bubble 
growth was followed for periods of some 100 
usec after the heating pulse. During the 100- 
usec period, an individual bubble was found to 
attain a diameter of from 0.01 to about 0.05 cm, 
depending on the degree of subcooling (differ- 
ence between water temperature and saturation 
temperature) of the water surrounding the wire. 
The measurable time delays in bubble forma- 
tion varied from 0 for saturated water to about 
33 usec for a water temperature of 76°C; at the 
latter temperature the delay was increasing 
rapidly with subcooling. 

Although these experiments are rather ideal- 
ized ones, they give the advantage of relatively 
simple situations which may be subjected to 
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theoretical analysis. The authors present theo- 
retical curves which fit reasonably well the ex- 
perimental curves of bubble growth and the 
measurements of delay times. If the basic 
processes involved are establishedin such sim- 
plified situations, the application of analysis to 
the much more complex case of the reactor can 
be approached with some confidence. 


Dynamics of Boiling 
Water Reactors 


It is well known that boiling water reactors, 
when operated at sufficiently high power densi- 
ties, are subject to power instabilities. The 
early BORAX experiments demonstrated that 
the power densities attainable in the stable op- 
erating region are, even with natural-circula- 
tion reactors, high enough to make this reactor 
type interesting as a power reactor. Later re- 
sults from subsequent BORAX reactors, from 
Experimental Boiling Water Reactors (EBWR),° 
and from laboratory experiments have indicated 
that the attainable power densities are higher 
than the earlier estimates and that in some 
cases heat conduction and transfer considera- 
tions rather than stability may be the limiting 
factor on attainable power density.‘ Neverthe- 
less, the subject of stability remains an impor- 
tant one and must be more thoroughly under- 
stood before the principles of designing boiling 
reactorsfor maximum performance canbe con- 
sidered as completeiy established. 

Two recent reports**® describe quantitative 
experiments on the dynamics of boiling reac- 
tors in general and particularly on the charac- 
teristics of the boiling reactor instability. 

Reference 5is a measurement of the transfer 
function of the EBWR under a number of differ- 
ent operating conditions. The transfer function 
is simply the frequency response of the reactor 
power, when the reactor is excited by a sinu- 
soidal variation in reactivity. The power re- 
sponse, in both amplitude and phase angle, is 
measured over a range of oscillation frequen- 
cies. The measurements are usually made at 
amplitudes small enough that the reactor kinet- 
ics equations can be linearized. Within the 
limits of this approximation, the transfer func- 
tion can be used in a way similar to the use ofa 
frequency analysis of any dynamic system. In 
the reactor case the gain of the system is or- 





dinarily defined as the ratio of the amplitude of 
the power oscillation, expressed as a fraction 
of the average power, tothe amplitude of the re- 
activity oscillation, i.e., gain = (AP/P)/(Ak/k). 
Often, as in reference 5, the gain is expressed 
in decibels, with zero decibels corresponding to 
the gain under “zero power” operation, ata 
frequency which is high enough that the gain is 
unaffected by the delayed neutrons and low 
enough that it is independent of the prompt neu- 
tron lifetime. Reactors which have relatively 
short neutron lifetimes (1074 sec or shorter) 
exhibit such a plateau in their low power am- 
plitude response curve in the frequency region 
just above 2 radians/sec (see Fig. 5). The ab- 
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Figure 5—Transfer function of EBWR at zero power 
and during boiling operation. Boiling curve is from 
reference 5 and was measured at an operating power 
of 19.9 Mw (thermal) and at an operating pressure of 
550 psi. Zero power curvesare calculated curves for 
a reactor having characteristics which approximate 
those of EBWR and were supplied by the editor. 


solute value of the gain in this region is just 
1/8, where 8 is the delayed neutron fraction. 
The measurements on EBWR, at an operating 
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power of 19.9 Mw thermal, on this scale exhibit 
a rather low gain of about —3 decibels at very 
low oscillating frequencies (0.01 radian/sec). 
At this frequency the power oscillation of the 
boiling reactor is essentially in phase with the 
reactivity oscillation, and the gain at this low 
frequency is a measure of the power coefficient 
of reactivity of the reactor. If the gain of the 
reactor is converted to an absolute magnitude, 
it appears to represent a power coefficient of 
reactivity of ~0.084 per cent keff per Mw (Fig. 
5). As the frequency of oscillation is increased, 
the gain of the reactor decreases, reaching a 
minimum of about —8 decibels at a frequency of 
about 1 radian/sec. Further increase of the 
oscillating frequency causes the gain to rise, 
and it reaches a peak of ~5 decibels at a fre- 
quency of about 8.5 radians/sec and thereafter 
decreases. The phase shift reaches a peak of 
about 60-deg lead at approximately the same 
frequency. These peaks define the approximate 
frequency region in which instability would pre- 
sumably occur if the power were increased to a 
sufficiently high value. 

Curves of the same type are given in ref- 
erence 5 for various operating conditions, 
covering the variables of power level, operating 
pressure, and absorption cross section of the 
reactor coolant. The latter variation was made 
by the addition of soluble boron to the coolant. 
This addition would be expected to lower the 
steam coefficient of reactivity of the reactor 
for two reasons: (1) because the added absorp- 
tion of the coolant represents a positive compo- 
nent in the net negative steam coefficient of re- 
activity and (2) because the addition of the boron 
results in a greater withdrawal of the shim 
control rods for operation and therefore re- 
sults in a reduction of the fast-neutron leakage 
from the reactor. The effects of the use of an 
automatic steam bypass on the reactor steam 
system were also investigated. 

Although reference 5 makes no attempt to 
account for the shape of the frequency response 
curves, measurements of this type may be ex- 
pected to lead to a better understanding of boil- 
ing reactor dynamics. They also represent a 
method for predicting the degree of stability of 
the reactor at higher powers from results of 
operation at lower powers and therefore form 
the basis for the safest method of extending the 
operating power range of the reactor. Finally, 
the reference points out that, if the curve is 
continued to relatively high frequencies, of the 


order 25 to 50 radians/sec, a region is reached 
in which the oscillations are too rapid for the 
boiling phenomenon to exert an appreciable 
self-regulating effect, and the dynamic response 
of the reactor should be essentially the same as 
its response at zero power. The high frequency 
oscillation of the reactivity generator therefore 
affords an opportunity for the calibration of the 
reactivity worth of the generator under actual 
power operation of the reactor. This has not 
previously been possible in the boiling reactor 
and indeed is, in general, not possible by other 
means in any reactor which has a significant 
power coefficient of reactivity. Once the reac- 
tivity generator is calibrated under power op- 
erating conditions, it can be used to obtain the 
absolute power coefficient of reactivity at lower 
frequencies. The addition of this information is 
a further aid in the understanding of boiling re- 
actor characteristics. 

Reference 6 is a general discussion of boil- 
ing reactor instability, based primarily on the 
BORAX results. Some experimentally deter- 
mined transfer functions for the BORAX-IV re- 
actor, which is a boiling reactor fueled with 
uranium-thorium oxide fuel slugs jacketed with 
aluminum, are given. In this reference an 
analysis is performed in which the zero power 
transfer function (which may be either meas- 
ured or calculated from neutron lifetime and 
delayed-neutron data) is in effect “divided out” 
of the measured transfer function to yield the 
transfer function of the power coefficient of re- 
activity, i.e., the reactivity feedback which re- 
sults from the formation of steam in the reac- 
tor. This was done for three different operating 
power levels. It has not yet been possible to 
explain the resultant feedback responses in 
terms of the physical characteristics of the re- 
actor. It is stated, however, that this approach, 
utilizing the more accurate EBWR frequency 
response data, has allowed the isolation of two 
characteristic time constants for the power co- 
efficient. It is also stated that there are indica- 
tions that the use of two time constants may not 
be sufficient to explain all the observations, 
particularly in the resonance region. 


Briefly Noted Reports 


Reference 7 is a detailed report of the ex- 
amination of the EBR-I core after its accidental 
meltdown. This information, in a less detailed 
form, has been previously reviewed.® 
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General Discussion 


Most of the published data on fuel elements 
are concerned with the manufacture and testing 
of fuel elements which will have a high degree 
of corrosion resistance in the coolant media 
and good radiation stability at high burn-ups. 
To improve these characteristics, there is a 
strong temptation to incorporate materials of 
relatively high absorption cross section, which 
may make for poor neutron economy in the 
reactor. 

In reviewing the material which follows, the 
reader is referred to the general discussion of 
fuel-element characteristics as applied to large 
central-station power reactors given in the first 
issuance of Power Reactor Technology.’ It cov- 
ered the relation of fuel elements to fuel cost, 
fuel-element lifetime, parasitic absorption in 
fuel elements by additives, and the effect of fuel 
density of the element. 

It is not the intention here to review all re- 
actor fuel materials but to select for review 
developments in the field of reactor fuel and 
fuel elements which may have an effect on, or 
be useful in, the development and design of nu- 
clear power reactors for civilian applications. 
In general, emphasis will be placed on review- 
ing and reporting significant data, especially 
irradiation history, on fuel materials of high 
fuel content which are the most suitable for 
large power reactors. However, elements of 
low fuel content will be reviewed where par- 
ticular advantages of these fuels are apparent 
for research reactors or other applications. 


Uranium Metal and Alloys 
of High Uranium Content 


Uranium metal as fuel for large power re- 
actors has the advantages of high density, rela- 
tively high thermal conductivity, and possibly 
lower cost compared to oxide and alloyed fuel 
materials. The main disadvantages are the poor 
dimensional stability of uranium metal when 
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irradiated to high burn-ups and, in water re- 
actors, its rapid corrosion when jacket failures 
occur. Since most of the components of the total 
fuel cost are inversely proportioned to burn-up 
or, more precisely, to the specific energy pro- 
duction, megawatt days per ton (Mwd/ton), a 
limitation on burn-up is very serious from the 
economic point of view. 

In the case of alloyed uranium metal, the ex- 
cellent nuclear performance may be retained 
while improving the mechanical and corrosion 
properties if small amounts of alloying ma- 
terials having low neutron-absorption cross 
sections are added. 

Recent development and testing of elements 
of this kind is summarized below. In cases in- 
volving additives an average macroscopic para- 
sitic absorption cross section (Zp) is given for 
the additives. The value of Zp is computed on 
the assumption that the alloy has a density of 
18.5 g/cm® rather than its true density. This 
cross section can be compared directly with the 
macroscopic cross section of uranium to give 
an estimate of the effect on neutron economy, 
as illustrated in Sec. 3, p. 22, of reference 1. 


Natural Uranium 


Recently, Argonne National Laboratory (ANL) 
has reviewed some of the experiments’ con- 
ducted on unalloyed natural uranium up to 1955. 
Specimens were irradiated to total atom burn- 
ups as high as 1.82 per cent (15,500 Mwd/ton) 
at temperatures from 50 to 220°C using the 
following four methods of fabrication: 


1. Rolled at 300°C. 

2. Rolled at 300°C and quenched from the 
beta phase 

3. Rolled at 300°C and quenched from the 
beta phase, and recrystallized in the alpha 
phase 

4. Rolled at 600°C 


All specimens suffered severe irradiation 
damage, with the 300°C rolled and beta-quenched 
uranium showing the best stability. The authors 
have made the following general conclusions as 
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a result of the study. In general, the conclu- 
sions are still valid today. 


1. Uranium growth under irradiation is a function 
of the fabrication history of the material and the ir- 
radiation temperature. In general, the degree of in- 
stability under irradiation is directly proportional to 
the amount of preferred orientation and in particular 
to the amount of (010) poles parallel to the rolling 
direction. 

2. Surface roughening of uranium under irradiation 
is directly related to the preirradiation grain size. 

3. Fine-grained highly oriented uranium disinte- 
grates under irradiation by a process of transverse 
fracturing, whereas coarse-grained randomly ori- 
ented material fails by progressively deeper surface 
damage. Uranium which has been rolled at 300°C and 
beta quenched should withstand 2 at. % burn-up with- 
out disintegrating, particularly if used with diameters 
comparable to the experimental specimens reported 
herein. 

4, Uranium decreases in density under irradiation 
at a rate largely independent of prior fabrication 
history. 

5. Uranium increases in hardness when subjected 
to irradiation. 

6. For the materials used in this investigation, a 
qualitative similarity existed between irradiation 
growth rates and thermal cycling growth rates. 


It was also pointed out in this report that the 
use of thermal cycling as an indication of the 
irradiation behavior of fuel materials is prob- 
ably not applicable to uranium alloys. This was 
concluded from the results of irradiation ex- 
periments with some uranium-zirconium alloys 
which lengthened under thermal cycling but 
shortened under irradiation. 

Although there has been a recent large in- 
crease in the use of oxide type fuel elements 
in power reactors, the advantages of metallic 
uranium for fuel elements are not easily over- 
come. Unalloyed natural-uranium fuel elements 
having an axial hole have shown excellent ex- 
ternal dimensional stability at high tempera- 
tures.°* Also, uranium specimens alloyed with 
small amounts of low parasitic absorption ma- 
terials such as zirconium and niobium show 
good dimensional stability at relatively high 
temperatures and burn-ups.°? 

Development is also continuing on the fabri- 
cation of long tubular fuel elements with larger 
surface to volume ratios using metallic ura- 
nium. Nuclear Metals, Inc. has recently re- 
ported successful extrusions of uranium tubes 
15 ft long, ‘4 in. thick, with diameters of 2'/, to 
3'/, in. Fabrication of metallurgically bonded 





zirconium-clad metallic uranium fuel tubes by 
coextrusion techniques have also been made by 
NMI.° These fuel elements have been made in 
29 in. lengths with an outside diameter equal to 
2.370 in. and an inside diameter of 1.820 in. 
using a nominal zirconium-clad thickness of 
0.030 in. One of these fuel elements, irradiated 
to 1500 Mwd/ton in MTR, was reported to have 
no significant changes. Larger tubes, 15 ft long, 
an outside diameter of 2.955 in., an inside di- 
ameter of 2.445 in., and a zirconium-clad thick- 
ness of 0.030 in., were also successfully fabri- 
cated. Irradiation of one of these elements to 
1700 Mwd/ton resulted in no significant radia- 
tion damage. 


Uranium -Zirconium 


(Zp = 0.000195 cm™ per Wt.% Zirconium) 


It was previously reported that uranium—2 
wt.% zirconium alloys were dimensionally stable 
to high irradiation burn-ups provided the alpha- 
beta transformation temperature is not ex- 
ceeded.® However, this alloy has little corrosion 
resistance in water as low as 100°C. In order 
to produce a fuel element with better corrosion 
resistance to hot water, specimens of this alloy 
were coextruded with Zircaloy-2 tubing and then 
diffusion heat-treated to produce a corrosion- 
resistant barrier layer." 


Unirradiated samples and samples irradiated 
to 0.1 wt.% were defected by 0.007-in.-diameter 
holes drilled through the clad. The samples, 
after operation in water at 290 and 350°C for 
several weeks, showed no evidence of core cor- 
rosion even though a nonirradiated sample, 
from which the clad had been stripped, was 
completely reduced in 1.7 days at 290°C. 

It would appear that the barrier obtained by 
the diffusion heat-treatment is protective for 
small defects and low irradiations. Samples 
with larger defects (>0.016-in.-diameter holes) 
had decreased corrosion lifetimes. 


Uranium-Molybdenum 
(Zp = 0.00257 cm™ per Wt.% Molybdenum) 


Attempts at producing radiation damage re- 
sistant uranium fuel elements by alloying with 
less than ~8 wt.% molybdenum have not been 
successful (references 1, 6, 8, and 9). How- 
ever, uranium —>10 wt.% molybdenum have been 
found to have good dimensional stability at rela- 
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Table IV-1 CHANGES IN DIMENSIONS AND DENSITY OF CLAD URANIUM-MOLYBDENUM ALLOYS* 








Experiment 


No. 


1C 


2C 


3 C 


4C 


7C 


8C 
5 Ct 


Max. calc. spec. temp., °C 





Max. exposure, Maximum change Density 

Composition Mwd/ton Surface Interface Central Diam. in length change 
U-10.5 wt.% Mo 1,120 62 98 217 Not significant 
U-12 wt.% Mo 1,120 61 96 213 Not significant 
U-9 wt.% Mo 5,400 102 210 563 Not significant 
U-10.5 wt.% Mo 5,400 102 208 555 Not significant 
U-12 wt.% Mo 5,610 103 210 562 Not significant 
U-13.5 wt.% Mo 5,610 102 207 555 Not significant 
U-9 wt.% Mo 9,980 101 207 550 +0.24 
U-10.5 wt.% Mo 9,980 101 203 542 +0.16 
U-12 wt.% Mo 10,490 102 207 552 +0.12 
U-13.5 wt.% Mo 10,490 101 205 547 + 0.08 
U-9 wt.% Mo 27,800 112 238 647 + 0.36 —3.4 (Calc.) 
U—-10.5 wt.% Mo 28,200 113 240 654 +2.3 +0.24 —3.2 (Calc.) 
U-—12 wt.% Mo 28,200 112 238 643 +0.16 —3.6 (Calc.) 
U-13.5 wt.% Mo 28,200 111 634 +0.16 —3.4 (Calc.) 
U-12 wt.% Mo 5,860 —1.3 (Measured) 

(Information not available) 

U-12 wt.% Mo 10,500 —1.8 (Measured) 
U-9 wt.% Mo 2,100 +0.07 
U-10.5 wt.% 2,100 +0.12 





*Data taken from Report WAPD-127, Pt. IV, Tables 6—9 and 12. 


{Specimens partially transformed to alpha plus epsilon; all other specimens in the gamma-quenched condition. 





Table IV-2 CHANGES IN DIMENSIONS AND DENSITY 





OF GAMMA-QUENCHED URANIUM-MOLYBDENUM ALLOYS* 





Estimated 








Sample Exposure, central temp., Diameter Length Density 
No. Composition Mwd/ton *C increase,% increase,% decrease, % 
42 U-10.5 wt.% Mo 1600 124 0.3 0.15 0.9 
51 U-—10.5 wt.% Mo 2800 168 0.5 0.4 1.4 
43 U-10.5 wt.% Mo 3000 180 0.3 0.5 1.6 
45 U—10.5 wt.% Mo 5350 270 1 0.8 2.7 
50 U—10.5 wt.% Mo 5500 301 0.8 0.7 2.3 
47 U-—10.5 wt.% Mo 8500 413 1.6 1.0 3.5 
48 U—10.5 wt.% Mo 8800 428 : 1.0 4.4 
64 U-12 wt.% Mo 1200 141 0.5 0.25 = 
63 U-—12 wt.% Mo 2450 218 0.5 0.5 2.1 
61 U-12 wt.% Mo 3500 296 3.2 2.1 6.7 
67 U-12 wt.% Mo 3950 157 0.5 0.55 1.6 
62 U-12 wt.% Mo 5250 189 1.0 0.9 3.0 
65 U-12 wt.% Mo 6100 209 1.2 1.2 4.0 
81 U-13.5 wt.% Mo 1350 152 0 0.1 0.5 
85 U-13.5 wt.% Mo 2050 101 0 0.2 1.1 
83 U-13.5 wt.% Mo 2250 231 0.5 0.25 1.1 
86 U-13.5 wt.% Mo 2900 130 0.6 0.45 2.2 
84 U-—13.5 wt.% Mo 3200 273 be | 0.6 2.8 





*Data taken from Report WAPD-127, Pt. IV, Table 10. 
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tively high burn-ups.’® A partial summary of 
the irradiation data available on these alloys 
are shown in Tables IV-1 and IV-2 taken from 
the reference report.” 

No dimensional changes were observed 
in bare gamma-quenched uranium-molybdenum 
alloys for exposures of <1200 Mwd/ton (Table 
IV-1) and for Zircaloy-2—clad uranium-molyb- 
denum alloys up to 5610 Mwd/ton (Table IV-2). 
In one of the four specimens of uranium—10.5 
wt.% molybdenum alloy irradiated in Experi- 
ment 4-C to 28,200 Mwd/ton (Table IV-2), the 
Zircaloy clad developed longitudinal splits. Be- 
cause irradiation was in low temperature (100°C 
max.) water, the clad failure was not attributed 
to Zircaloy corrosion but to the 4 per cent core 
volume expansion that occurred in the specimen. 

The corrosion of bare uranium-molybdenum 
alloy specimens in high temperature water 
(~650°F) occurred at rates of ~0.1 to 0.3 mg/ 
cm’/hr, no significant difference being noted 
between the unirradiated and irradiated speci- 
mens. However, the time to failure of the speci- 
mens by gross cracking due to hydride forma- 
tion was reduced considerably in the irradiated 
samples. The specimens exposed to ~1-— 2000 
Mwd/ton failed within one to seven days. Cor- 
rosion in the case of Zircaloy-2—clad speci- 
mens, because Zircaloy getters the hydrogen 
produced by the corrosion of the core alloy, 
was stated to be a function of bond integrity and 
the diffusion rate of hydrogen into the core 
alloy. In general, the specimens irradiated to 
fairly high burn-up (>5000 Mwd/ton) and then 
corrosion tested by defecting the specimens and 
exposing them to650°F static water failed within 
one to seven days. From the data of in-pile 
corrosion tests, it appeared that better cor- 
rosion life of defected fuel elements while in 
the reactor can be expected. The explanation 
offered for the improved corrosion life was an 
assumption that radiation tends to stabilize the 
gamma phase or corrosion-resistant phase of 
uranium-molybdenum alloys. Detailed data on 
a multitude of tests performed on these alloys 
are included in the reference report.'° 

Although these alloys appear to have excellent 
potential for water-cooled reactors with respect 
to radiation stability and aqueous corrosion re- 
sistance, the power reactor designer is con- 
fronted with an addition of a large amount of 
parasitic absorption material in the ~10 wt.% 
molybdenum (=p = 0.00257 cm™ per wt.% mo- 
lybdenum compared to Zp = 0.000195 per wt.% 





zirconium). This would require the acceptance 
of a lower conversion ratio and higher enrich- 
ment of the fuel, both of which are in the di- 
rection of higher costs for power generating 
reactors. 


Uranium-Niobium 
(Zp = 0.001169 cm per Wt.% Niobium) 


Lower temperature (~300°F) irradiation 
studies on uranium—10 wt.% niobium exposed to 
<1000 Mwd/ton by Bettis Plant’ also show good 
dimensional stability of this alloy. Aqueous 
corrosion testing of a number of uranium—10 
wt.% niobium elements clad in Zircaloy-2 and 
defected after irradiation to ~840 Mwd/ton 
showed good (no failure in 35 days) corrosion 
resistance in ~650°F water." 

The effect of impurities in uranium—10 wt.% 
niobium alloys on its corrosion behavior in 
680°F water was covered in earlier reports.°*!! 

Again it can be stated that, although these 
alloys appear to have excellent potentials for 
power reactors because of their radiation sta- 
bility and possible corrosion resistance, the 
amount of parasitic absorption material being 
added will most certainly lower the conversion 
ratio obtainable and require an increase in the 
enrichment of the uranium in order to achieve 
criticality. Both the effects result in higher 
power costs. 


Plutonium-Aluminum Fuel 


The plutonium recycle program being carried 
out at Hanford’? has as one of its objectives the 
development of a suitable plutonium fuel which 
can be reprocessed and refabricated easily and 
economically. 

In a recent report'® Hanford has reviewed the 
various developments on plutonium-aluminum 
fuels which have been reported by Hanford, 
Chalk River, Los Alamos, ANL, and ORNL. As 
a result of experiments conducted at these 
sites, it was concluded that fuel elements of 
aluminum —-5 and 10 wt.% plutonium irradiated 
to essentially 100 per cent burn-up of the plu- 
tonium atoms would have insignificant radiation 
damage. 

The fuel element proposed for the plutonium 
recycle reactor by Hanford consists of an 
aluminum —1.65 wt. % plutonium core ina Zir- 
caloy can. Bonding is to be effected by the dif- 
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ferential coefficients of expansion of the fuel 
and can materials. Such a bonding technique 
would require close tolerances to be held on 
the fuel and can. This fuel would have to be 
introduced into the proposed pressurized-tube 
heavy water moderated and cooled plutonium 
recycle reactor as spikes; this may not repre- 
sent the best use of the fuel. (See reference 6 
for a discussion of this reactor concept.) 

Other fuel materials which can be considered 
for application to a plutonium recycle reactor 
are the uranium-20 wt. % plutonium, uranium -— 
20 wt. % plutonium—5 wt. % fissium (references 
1, 3b, 6, 14, and 15), and UO,-PuO, (references 
16 and 17) fuels which have been reviewed in 
the past. These fuels were investigated for the 
fast reactor program. 

Aside from the development of a good fuel 
element for plutonium recycle, the chief problem 
to be solved for the success of a plutonium re- 
cycle system is the development and design of 
a satisfactory and economic reprocessing fa- 
cility. Because plutonium constitutes a major 
health hazard, the handling, reprocessing, and 
refabrication of plutonium fuel elements will 
require a major development effort. This will 
be even more difficult if the reprocessing 
method chosen does not completely decontami- 
nate the burnt fuel, thus requiring heavily 
shielded facilities as contemplated inthe EBR-II 
facility. 

The efforts being made by both Hanford and 
ANL" on the development of reprocessing and 
refabricating facilities should contribute much 
toward the final development of a plutonium 
recycle system. 

In addition to the work described above, a 
program is under way at MTR’® to make use of 
a plutonium core using plutonium-aluminum fuel 
elements. Reports concerned with the reactor 
physics aspects of this proposed plutonium core 
loading are given in references 20 to 23. 


Thorium 


Irradiation data obtained by Du Pont” on 92 
extruded thorium slugs, 0.8 in. in diameter and 
10 in. long, canned in aluminum and exposed to 
burn-ups of 800 to 2800 ppm of the Th?" atoms, 
showed excellent dimensional stability. The av- 
erage changes in dimensions for the 800 ppm 
burn-up specimens were +0.005 in. for the 
length, +0.002 in. for the diameter, and +0.002 


in. for curvature or warp. Preliminary visual 
examination of the 2800 ppm burn-up specimens 
indicate they have good dimensional stability. 


Nonmetallic Elements 
of High Fuel Content 


Urania (UO2) 


Because of the great interest in and use of 
UO, as the fuel for power reactors, a review 
has been made of the UO, data available to date, 
especially as to its performance under long- 
term irradiation. In general, UO, fuel elements 
have the advantages of being relatively chemi- 
cally inert and relatively radiation damage re- 
sistant. Their primary disadvantages are the 
brittleness of the UO, pellets, relatively low 
fuel density, and low thermal conductivity. The 
latter disadvantage is somewhat compensated 
by the high permissible operating temperature; 
but, for a given heat flux, oxide fuel elements 
will probably be thinner than metal elements 
since the ratio of thermal conductivity for ura- 
nium metal to UO, is ~18 to 1, whereas for a 
coolant temperature of 600°F, the ratio of AT 
for uranium metal to UO, is ~600/~3600 = 1 
to 6. This characteristic, combined with the low 
fuel density, usually causes a significant loss 
in neutron economy relative to that which can 
be attained with metal elements and requires 
greater subdivision of the oxide fuel, which may 
result in higher fabrication costs. 


In reviewing the data presented below, the 
reader is referred to the reference reports for 
more detailed information. 


1. General Properties”»*6 


Crystal structure: face centered cubic (CaF) 
Theoretical density, 10.97 g/cem® 
Theoretical density (fissionable and fertile), 9.7 g/cem® 
Metal atom/cm? in oxide, 51.5% 
Metal atom/cm? in metal 
Melting temperature (mean), 2760—5000°F 
Linear coefficient of thermal expansion, 
11.2 x 107°C 
Specific heat, 0.056 cal/(g)(°C); (0—200°C) 
Thermal conductivity coefficient (100% of theoretical 
density), 0.008 cal/(cm)(sec) (°C); (1000°C) 
1.93 Btu/(ft)(sec) (°F); (1000°C) 
Tensile strength, ~5000 psi 
Modulus of elasticity, 25 x 10° psi 
Index of refraction, 2.35 
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UO, fuel pellets can be commercially ob- 
tained with bulk densities in the 10.2 to 10.44 
g/cm? range or 93 to 95 per cent of theoretical 
density. 


2. Melting Temperature. The literature con- 
tains various values for the melting point of 
UO,. However, the value 2878 + 22°C (5212 + 
40°F) obtained by Lambertsonand Mueller” has 
been generally used. More recent data reported 
by Wisnyi and Pijanowski” indicated the melt- 
ing point to be 2760 + 30°C (5000 + 44°F). 

The discrepancy may be accounted for by the 
possible impurity contamination in the UO). 
Small additions of impurities can vary the 
melting point radically as indicated on the bi- 
nary systems diagrams prepared by the Na- 
tional Bureau of Standards.” 


3. Thermal Conductivity. The generally ac- 
cepted values of thermal conductivity are those 
prepared by Kingery and Vasilos.” The curve 


Table IV-3 UO,* THERMAL CONDUCTIVITY 
VS. TEMPERATURE? 





Thermal conductivity 








Temperature (cal)/(sec)(em)(°C) (Btu)/(hr)(ft)(F) 
"Cc °F Kingery} ARF Kingeryt ARF 
200 392 17.7x 107° 12.3 x 107° 4,28 2.98 
400 752 12.8:x 10>. 94% 106" 3.1 227 
600 1112 $910. 77x36" 2.4 1.86 
800 1472 8.3x107 6.21073 2.01 1.5 

1000 1832 TEx%IO™ S7 x10" 1.89 1.38 
1200 2192 5.0 x 1073 1.21 
1400 2552 4.6 x 1073 1.11 
1600 2912 4.2x 107% 1.01 


§ 2.42 x 1073 1.0 








*Corrected to 95 per cent of theoretical density. 

¢Data taken from Report WAPD-184, p. 29. 

{The following information was taken from reference 33: 
‘*‘W. D. Kingery has pointed out that in single-phase ce- 
ramics lattice thermal conductivity may, under suitable con- 
ditions of elevated temperature or lattice disturbance by 
irradiation, be reduced to a minimum value set by photon 
scattering at mean free paths of the order of the lattice 
spacings; in the case of UO), such a minimum value would 
correspond to about 1 Btu/(hr)(ft)(°F).’’ 

$Data presented by Jakob* indicates that the thermal con- 
ductivity of powders is independent of density above 1000°C. 


prepared from these values is generally higher 
than the curve prepared by the Armour Re- 
search Foundation (ARF).*” One explanation of 
the lower values by ARF lies in the fact that 
the ARF specimen was found to be badly cracked 
after the test was completed. This may, how- 


ever, be more representative of the thermal 
conductivity of the UO, specimens used in re- 
actors which also crack radially under the op- 
erating thermal stresses, Table IV-3 is a com- 
parison of the values obtained*! corrected to 
95 per cent dense UO. 


4. Irradiation History. Making up for the 
disadvantage of low density and thermal con- 
ductivity, natural UO, fuel elements have been 
irradiated to burn-ups of four and five times 
that presently achievable with unalloyed natural- 
uranium metal fuel. This higher burn-up has 
the effect of reducing both the fabrication and 
reprocessing costs. Most of the irradiation data 
previously reviewed’*® concerned isolated tesis 
and included only preliminary information. Re- 
cently, a more detailed history of the irradia- 
tion tests on full-size PWR UO, fuel rods has 
been released.*!*3-35 These rods consist of 10 
Y, in, long Zircaloy-2 tubing (0.359 in. in inside 
diameter by 0.411 in. in outside diameter) in 
which 26 UO, fuel pellets (0.357 in. in outside 
diameter) of 93 to 95 per cent of theoretical 
density are stacked. The heat-transfer bond is 
helium gas at atmospheric pressure. Because 
of the number of rods and the large number of 
UO, fuel pellets per rod, these tests are fairly 
representative of what will result from the use 
of similar fuel rods in a power reactor. 


A summary of the high burn-up data on the 
PWR blanket fuel rod tests are shown in Tables 
IV-4 and IV-5. The particular experiments 
shown are those having the highest burn-ups 
achieved during the irradiation program. Many 
more tests are reported in reference 33, 

It was reported®® that no microstructural, 
dimensional, and property changes have been 
noted other than those associated with purely 
thermal effects. Grain growth of the UO, speci- 
mens occurred at temperatures in pile cor- 
responding to that noted out of pile. The gross 
radial cracking was anticipated because of the 
large thermal gradients across the fuel. Ex- 
ternal dimensional changes were negligible even 
in the fuel elements irradiated to burn-ups of 
10,000 Mwd/ton. Temperatures above melting 
were achieved in the UO, irradiated to 25,000 
Mwd/ton without any apparent decrepitation or 
physical disintegration of the pellets. Some cir- 
cumferential cracking, which would have an ad- 
verse effect on the heat-transfer properties of 
the pellet, has been noted. However, it was 
stated that this may be caused by the increased 
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Table IV-4 DESCRIPTION AND SUMMARY OF AVAILABLE DATA ON UNCYCLED 
ZIRCALOY-2—CLAD UO, FUEL ELEMENTS* 





Specimen dimensions , : 
es a Dimensional 





Heat flux, f Calc. Ciaieeane ene Molten Fission 
Spec. Btu/hr/sq ft Burn-up,t central UO), Tubing, Over-all & zone, gas release, 
No. x 1073 Mwd/ton temp.,°C diam. Diam. Axial 0.D. length Diam. Length diam. % Kr*5 





Experiments 14-12 and 13 


15H 370 (f) 10,900 2650 0.3445 0.0015 0 0.402 5.237 0 0 Not melted 5.0 
18H 420 (f) 13,500 > 2750 0.3445 0.0015 0 0.400 5.240 0 0 Not melted 8.1 
19H 300 (f) 6,900 2200 0.3445 0.0015 0 0.402 5.238 0 0 Not melted 


Remarks: These two experiments were designed to study the effect of irradiation at high heat fluxes and to high burn-ups on 
hot-pressed natural UO,. Sample 15H contained 95 per cent dense hot-pressed UO, made from steam oxidized material, 
whereas samples 18H and 19H contained 91 per cent dense hot-pressed UO, made from MCW UO,. The steam oxidized UO, is 
made by oxidizing uranium in an autoclave at 650°F and saturation pressure. MCW UO, is made by reducing UO, with cracked 
ammonia. The results of these experiments indicate that hot-pressed UO, is quite stable when irradiated to high burn-ups and 
high heat fluxes. 


Experiment 14-14 


82S 330 (e) 14,000 2400 0.3445 0.002 0.080 0.414 5.205 0 0 Not melted 
83S 540 (e) 22,000 > 2750 0.3445 0.002 0.080 0.414 5.222 +0.012 0 0.200 
84S 600 (e) 25,000 > 2750 0.3445 0.002 0.080 0.414 5.224 +0.015 0 0.230 
85S 300 (e) 12,000 2200 0.3445 0.002 0.080 0.414 5.206 0 0 Not melted 


Remarks: This experiment was designed to determine the effect of irradiation to extremely high burn-ups on PWRreference 
rods. The samples contained 93 per cent dense cold-pressed and sintered natural UO, and were assembled to reference speci- 
fications. The Zircaloy-2 tubing for these rods, however, was machined from bar. stock rather than extruded as is the case for 
the PWR reference rods, and this machined tubing was of somewhat dubious quality. The rods were irradiated in the MTR lat- 
tice for 1%, years and achieved an estimated burn-up of 25,000 Mwd/ton. Unfortunately, the cladding split on all the rods, per- 
mitting the NaK to attack the UO, and also preventing any fission gas studies. In an attempt to determine if the cladding split 
because of a deterioration in the mechanical properties as a result of the high irradiation exposure, the hardness of the clad- 
ding of a high and low flux specimen was measured. Although no control hardness values are available, the hardness of the 
cladding on both the samples was within the range of as fabricated tubing. 


Experiment 14-18 


9B2 300 (f) 6,430 1400 0.3570 0.002 0 0.413 4.544 0 0 Not melted 0.25 
9B3 900 (f) 12,400 > 2750 0.3570 0.002 0 0.413 4.560 +0.009 +0.009 0.250 13.6 
10B1 890 (f) 12,100 > 2750 0.3570 0.002 0 0.413 4.506 +0.008 +0.015 0.275 15.3 
10B2 300 (f) 6,100 2200 0.3570 0.002 0 0.413 4.518 0 0 Not melted 


Remarks: This experiment was designed to determine the effect of irradiation to very high burn-ups of 93 per cent dense cold- 
pressed and sintered UO, enriched 6.24 per cent u55 in total uranium. The Zircaloy-2 tubing was manufactured by the refer- 
ence extrusion process. The UO, in the two higher exposure rods was molten over a considerable portion of the diameter, yet 
very little dimensional changes occurred in the samples. The fission gas release values indicate that molten UO, retains con- 
siderably less of the fission gas than UO, irradiated below the melting point. 


Experiment 14-19 


24Bl1 340 (f) 6,700 2400 0.3510 0.008 0 0.413 0 Not melted 

24B2 670 (f) 14,400 > 2750 0.3510 0.008 0 0.413 +0.002 0.290 

24B3 840 (f) 15,500 > 2750 0.3510 0.008 0 0.413 +0.018 0.325 35.6 
25B1 340 (f) 7,930 2400 0.3510 0.008 0 0.413 0 Not melted 1.2 


Remarks: This experiment was designed to determine the effect of large diametral clearances (0.008 in.) on the behavior of ref- 
erence PWR rods irradiated at high heat fluxes. Althougha considerable portion of the UO, melted in the two higher exposure 
samples, the heat fluxes are not known to a sufficient degree of accuracy to ascertain the effect of the 0.008-in. diametra. 
clearance as opposed to the reference 0,002- to 0.004-in. diametral clearance. Again, the effect of melting in the UO, canbe 
noted in regard to the amount of fission gas released. 





*Data taken from Report WAPD-183, pp. 108, 110, 111, and 115. 

tHeat flux, burn-up, and calculated center temperatures are based on estimates of nominal reactor fluxes when indicated b 
(e) and fission monitor results when indicated by (f). The estimates are good only to +50 per cent, whereas the fission monito 
data are felt to be somewhat more accurate. The inconsistencies noted between the calculated center temperatures and the ob 
served melting are presumably produced by these inaccuracies. 
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Table IV-5 DESCRIPTION AND SUMMARY OF AVAILABLE DATA ON 
IRRADIATION CYCLED ZIRCALOY-2—CLAD UO, FUEL ELEMENTS* 





Specimen dimensions 








Sent flux, Clearance ee a, 
Spec. Btu/hr/sq ft Burn-upt UO», Tubing, Over-all of 8 
No. x 1073 Mwd/ton diam. Diam. Axial O.D. length cycles Diam. Length 
Experiment 19-7 

N-5-9-C 450 18,000 0.357 0.002 0.150 0.414 10.298 7,000 0 0 
N-5-7-C 450 18,000 0.357 0.002 0.058 0.414 10.302 7,000 0 0 
N-5-9-B 450 9,000 0.355 0.004 0.150 0.414 10.303 7,000 0 0 
N-5-10-B 450 9,000 0.355 0.004 0.055 0.414 10.297 7,000 0 0 


Remarks: This test was designed to determine the effect of irradiation cycling to very high burn-ups on the 
possible dimensional instability of cycled rods. The rods contained 95 per cent dense cold-pressed and 
sintered UO, enriched 6.2 wt.% U** in total U. No dimensional changes were produced as a result of the 





irradiation. 





*Data taken from Report WAPD-183, p. 117. 


+Burn-up and heat flux values are based on estimates of the thermal-neutron flux in the various reactor 
locations and are considered to be accurate to only +50 per cent. 


densification of the center of compacts at the 
high operating temperatures and consequent 
shrinking of the center from the exterior of the 
pellets. The cracking appears to be independent 
of burn-up since further cracking with higher 
burn-up, beyond the initial gross cracking, was 
not observed. 

Metallographic studies on the effect of high 
burn-up on UO, fuel were also made*® by KAPL. 
The reader is referred to the reference report 
for details of the theories proposed on the ef- 
fects of irradiation on UO). 

A conclusion which can be drawn from the 
present irradiation data is that UO, fuel ele- 
ments of the kind typified by the PWR elements 
do not show an inherent tendency to fail during 
irradiation exposures up to 10,000 Mwd/ton, 
and perhaps higher. Gross cracking of the oxide 
pellets does occur early in their life, the trans- 
fer of heat from the interior of the element to 
the jacket deteriorates slowly with exposure, 
and there is a release of some gaseous fission 
products from the oxide which increases with 
oxide temperature. If the design of the fuel 
elements makes adequate allowance for these 
effects, it would appear that the fractional rate 
of failure of such elements in a reactor, to 
maximum burn-ups of the order 10,000 Mwd/ 
ton, will be reasonably low; proof that the fail- 
ure rate is as low as is required for economic 
reactor performance will require statistical 
tests involving many elements such as those 
which would result from actual long-term op- 
eration of a reactor using the elements. 


5. Bonding Material. The type of material 
used as the bonding agent in the gap between the 
fuel pellet and the can will materially affect the 
heat transfer of the element. A list of the bond- 
ing materials which may be used or may con- 
taminate the original material are shown in 
Table IV-6 along with the temperature drop 
through a 1-mil bonding gap at a heat flux*? of 
500,000 Btu/hr/sq ft at 400°C. 


Table IV-6 UO, BONDING MATERIALS* 





Temp. drop ina 
0.001-in. bonding 





Material gap at 400°C, °F 
He 288 
Xe +-Kr 5400 
Steam 1490 
50% He + 50% (Xe + Kr) 900 
Hydrogen 278 
Lead 2.1 





*Data taken from Report WAPD-183, p. 45. 


It should be noted that, since the central tem- 
perature of the fuel will be partially dependent 
on the temperature drop in the heat-transfer 
bond, a decrease of 286°F in central fuel tem- 
perature would occur for a lead bond vs. a he- 
lium bond. Also, the mixing of fission-product 
gases xenon and krypton with the heat-transfer 
bond, or the mixing or substitution of steam for 
the heat-transfer bond, will cause a substantial 
increase in the central fuel temperature of the 
fuel for the same surface heat flux. 
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6. Minimum Heat Fluxes for Melting or 
Grain Growth. Table IV-7, taken from refer- 
ence 33, lists the experimental observations of 
the minimum heat fluxes at which melting or 
grain growth occurred for various conditions. 


Table IV-7 MINIMUM HEAT FLUXES FOR MELTING 
AND GRAIN GROWTH* 


Btu/hr/sq ft 
at which observed 





Cold diam. GG 
clearance, in. Melting GG temp., °C 
Defected 0.005—0.008 370,000 340,000 2000 
Defected 0.001—0.004 425,000 330,000 2050 
Undefected 0.005-—0.008 422,000 360,000 2250 
Undefected 0.001-—0.004 (530,000) est. 430,000 2300 





*Data taken from Report WAPD-183, p. 63. 


7. Thermal Data Conclusions. As a result 
of the work described in reference 33, the fol- 
lowing empirical conclusions were drawn con- 
cerning the thermal behavior of the PWR UO, 
type blanket fuel rods. 


1. The thermal capabilities of helium-filled, low- 
clearance, natural UO, PWR fuel elements can be ex- 
pressed by use of the Kingery-Vasilos UO, thermal 
conductivity values. 

2. The thermal performance of helium-filled, low- 
clearance, enriched fuel elements is described by a 
thermal conductivity of the oxide of 1 Btu/hr/ft/°F. 

3. The thermal capabilities of helium filled, high- 
clearance natural or enriched UO, or steam-filled, 
low-clearance natural or enriched UO, fuel elements 
are described by a mean UO, thermal conductivity of 
1 Btu/hr/ft/°F and a gap thermal conductivity of 
about 0.03 Btu/hr/ft/°F. 

4, A steam atmosphere reduces thermal capabili- 
ties more than a helium atmosphere at the same 
initial clearance and with the same atmosphere in- 
creases central temperatures. 

5. The thermal performance of enriched fuel rods 
cannot be correlated with available property data. 


8. Fission Gas Release. Data on the release 
of fission gases have been reported previ- 
ously,'*® but a brief summary is made here to 
complete this review. 

The following general conclusions, taken from 
a study by Bettis Plant,® are representative of 
the data. 

1, The release of fission gases from irra- 
diated UO, is in all probability controlled by 
diffusion of the gases from the oxide matrix. 

2. The oxide density has a large effect on the 
gas release because of the variation with den- 


sity of the diffusion path length to the external 
surfaces. (Experimental evidence indicates that 
the fission gas release is reduced considerably 
with UO, specimens which are >90 per cent 
theoretical density; the gas released for 65 per 
cent dense packed UO, is 40 to 50 per cent,*” 
for 91 per cent dense pressed and sintered 
pellets is 3.1 per cent,**** and for 95 per cent 
pressed and sintered pellets is ~1 per cent.) 

3. Assuming the gas release is due to dif- 
fusion, the amounts of gas released can be cal- 
culated with a correction being made for the 
density of the oxide specimen. Calculations 
agree within a factor of 3 with experimental 
data on irradiated PWR fuel rods. 


It should be noted that, at high burn-ups, the 
effect of the fission gas released within the clad 
even with dense 95 per cent UO, pellets must 
be taken into consideration. The two major ef- 
fects are the increase in pressure due to gas 
release and the change in thermal conductivity 
of the helium gas bond. Reference 33 reports 
that enough xenon and krypton is reieased in 
Core-1 PWR reference fuel elements at 1 wt.% 
burn-up and 1 per cent gas release to dilute 
the helium by 50 per cent. In such a case, re- 
ferring to Table IV-6, an increase in the central 
fuel temperature of 618°F per each 0.001 in. of 
50 per cent helium + 50 per cent (xenon + kryp- 
ton) bonding gap can be expected for the same 
heat flux generation. With fuel center tempera- 
ture operation close to the melting point of the 
UO,, it is conceivable that such a change would 
cause the central part of the pellet to melt, re- 
leasing much larger percentages of gas. The 
increase in fission gases released at high burn- 
ups and on melting are indicated by the data 
from Experiments 14-12, 14-18, and 14-19 in 
Table IV-4, 

More detailed data on the release of fission 
products to the coolant water by defected type 
elements operating in reactor test loops are 
available in the reference report.** The infor- 
mation reported will be useful in evaluating the 
hazards of a nuclear incident in a UO, fueled 
reactor. 


9. Aqueous Corrosion Resistance. As was 
reported previously,’ the corrosion of UO, 
specimens in 650°F water and 650—'750°F steam 
is excellent, and tests indicated that UO, is es- 
sentially inert in water containing any meas- 
urable excess of hydrogen. However, because 
of the thermal fracturing which occurs in the 
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UO,, it must be expected that some particles 
of UO, will escape from a defected fuel ele- 
ment. The reference report® has elaborated 
on this mechanism of fission-product release. 


10. Fuel-element Failure. Excluding fail- 
ures due to nuclear excursions, the more com- 
mon failure to be expected in UO, type fuel 
occurs after the clad has been defected. One 
failure type has been called “waterlogging” and 
is caused by water entering the fuel rod in the 
clearance spaces and fuel pellet voids during 
a reactor shutdown. On reactor start-up, the 
trapped water would flash to steam, producing 
pressures high enough to rupture the clad and 
possibly fracture the fuel pellets. This was 
demonstrated by tests made by Bettis Plant and 
reported in the reference report. 


11. Fuel-element Fabrication. The fabrica- 
tion techniques for the dense, pressed, and 
sintered type of UO, fuel elements have been 
covered fairly well in the unclassified litera- 
ture, 39940 

Hanford‘! has been developing techniques for 
extruding UO, in the shape of rods '/ to % in. 
in diameter and up to6 ft long for the plutonium 
recycle program reactor. Both PWR grade and 
ceramic grade powders were used to achieve 
densities of 92 per cent of theoretical or great- 
er. The ceramic grade powders were used as 
received. The PWR grade powders required an 
activation treatment consisting of either Buru- 
dum ball milling or controlled oxidation re- 
duction to achieve high densities. 

The development of these techniques com- 
bined with possible coextrusion or other clad- 
ding methods will be a step toward decreasing 
the cost of UO, type reactor cores. 


Thoria-Urania 


ANL has fabricated a thoria-urania fuel 
charge for the BORAX-IV reactor.” The fuel is 
in the form of pressed and sintered pellets, 
0.230 in. in diameter and in random lengths of 
% to % in. The fuel pellets are jacketed with 
the aluminum 1 wt. % nickel alloy. 

The thoria powder, supplied by National Lead 
Co., was calcined at 1000°C. The U,O,, supplied 
by Oak Ridge National Laboratory (ORNL), was 
manufactured by the steam oxidation of en- 
riched metallic chip. Calcining was not neces- 
sary. Both powders were received as —325 
mesh material. 





A mixture of 93.41 wt. % ThO, and 6.59 wt. % 
U;0, in polyvinyl alcohol was ball milled for 
3 hr. The ball milling was followed by the ad- 
dition of water and an aerosol. The wet batch 
was then granulated and dried to form a free 
flowing powder. Dry pressing was accomplished 
in a multiple ram and cavity type press at 
13,000 to 15,000 psi. The green pellets were 
fired, in air, at 1700 to 1750°C. The pellets 
are inserted in the jackets in the as-fired con- 
dition. 

The yield of satisfactory pellets made by the 
process was greater than 95 per cent. Firing 
shrinkage was found to be about 17 per cent. 
The apparent fired density, measured by water 
immersion, was found to be 9.8 g/cm’, or about 
97 per cent of the theoretical density of ThO,- 
UO, (10.09 g/cm’). The fired composition of the 
pellets was calculated to be 93.65 wt. % ThO, 
and 6.35 wt. % UO,. Irradiation tests on thoria- 
urania fuel previously reviewed'*** indicated 
that this material was dimensionally stable to 
burn-ups of ~1 per cent of metal atoms with 
central fuel temperatures of less than 2000°C. 


Elements of Low Fuel Content 


Uranium-Aluminum 


Uranium-aluminum alloys of high uranium 
content have been difficult to fabricate because 
of the formation of the intermetallic compound, 
UAl,, which makes the alloy very brittle. ORNL 
has reported that the addition of 3 wt.% silicon 
toa 48 wt.% uranium-aluminum alloy was suf- 
ficient to completely suppress formation of 
UAI,, allowing the primary nucleating inter- 
metallic compound, UAI;, to be retained as the 
stable phase at low temperatures.** Further 
developments by ORNL indicated that other ter- 
nary additives such as zirconium, tin, titanium, 
and beryllium will also suppress UA], forma- 
tion. The addition of the silicon also made for 
easier fabrication of the 48 wt.% uranium— 
3 wt.% silicon-aluminum alloy. 

Fuel plates, having 48 wt.% uranium in alu- 
minum, are being studied by ORNL“ for ap- 
plication to plate type research reactors using 
the 20 per cent U2® enrichment specified under 
the Atoms for Peace Plan. 

An 18 plate fuel element of 48 wt.% uranium- 
aluminum alloy, using 20 per cent enriched 
uranium, containing a total of 190 g of U** and 
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clad with 6061 type aluminum, has been irra- 
diated in the MTR in a flux of 1.9 x 10" neu- 
trons/cm2/sec for 4.5 x 10” nvt. No significant 
irradiation damage was observed at the esti- 
mated burn-up of 25 per cent of the U?* atoms," 


Uranium-Zirconium 


In a recent report*® ANL has summarized 
the results on irradiation of specimens of 
zirconium-clad, uranium-zirconium fuel plates 


Table IV-8 SUMMARY OF IRRADIATION TESTS ON 
ZIRCONIUM-CLAD URANIUM-ZiF.CONIUM FUEL PLATES* 


(Plates 17—29, 3% enrichment; plates 30—39, 6% enrichment; 
plates 41—52, 14% enrichment) 





Min. Zr 
BMI thickness, mil Change, % 
Plate Plate Plate Burn-up, Density Thickness 
No. side end % (-) (+) 

Top clad thickness: 20 mil 
18 120 110 0.350 0.527 1.06 
17+ 120 80 0.374 0.076 0.841 
20 150 200 0.374 0.709 0.839 
33 150 320 0.40 0.662 2.22 
22 150 210 0.590 0.605 0.0 
197 120 80 0.650 0.360 1.00 
31 150 140 0.720 1.02 1.79 
32 150 250 0.720 1.44 1.68 
29t 140 150 1.10 1.39 1.38 
34 150 250 1.10 1.18 1.05 
30 150 150 1.20 1.09 1.31 
41f 120 150 1.60 0.211 5.32 
45 140 210 1.73 2.77 5.23 
42+ 130 150 2.70 3.19 7.55 
43f 140 100 3.0 2.88 8.60 
46 140 200 3.0 3.10 8.08 
44 150 250 3.3 2.79 8.29 

Top clad thickness: 30 mil 
23 150 230 0.480 0.441 0.84 
28 130 310 0.480 0.349 1.06 
27 130 140 0.590 0.501 
24 140 300 0.650 0.318 1.46 
26 130 160 0.715 0.091 0.83 
25 130 310 0.715 0.076 0.52 
39 140 150 0.92 0.604 1.27 
36 150 280 0.92 0.831 1.90 
47 150 200 0.96 0.984 1.68 
35 140 320 1.20 0.663 1.80 
38 140 130 1.37 0.44 1.47 
37 150 230 1.37 0.32 1.68 
51 120 160 1.73 1.70 3.91 
52 130 130 2.2 1.79 5.47 
48 140 220 2.2 1.94 3.88 
49 140 240 2.7 2.08 2.76 
50 140 120 3.3 1.79 4.89 





*Data taken from Report ANL-5825, p.5. 
+tNot cold-pressed before machining; exposed for 387.5 
hr to static water at 350°F. 


containing 3, 6, and 14 wt.% highly (93.4 per 
cent) enriched uranium, The plates were ir- 
radiated in open aluminum capsules in a water 
channel at 70 to 140°F for exposures ranging 
from 0.69 x 10” to 16.4 x 10” nvt thermal and 
burn-ups varying from 0.03 to 3.3 per cent 
total atoms. The results are shown in Table 
Iv-8. 

This type of element, although extremely ra- 
diation stable, would probably not be as useful 
as the uranium-aluminum elements previously 
discussed because of the more expensive fuel 
and alloying material being used. 
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OTHER REACTOR MATERIALS 





Control Materials 


Boron-lron Alloys 


In a recent report! Bettis Plant has summa- 
rized its boron—stainless-steel alloy investiga- 
tion program. Austenitic stainless-steel alloys 
containing boron in amounts up to 3 per cent 
were investigated for possible use as control- 
rod materials. Irradiation of the boron— 
stainless-steel alloys studied produced a se- 
vere decrease in the impact strength, making 
them unusable for the contemplated purpose. 

Further developments by the British on the 
production of high boron-iron alloys have re- 
cently been reported in a British journal.’ The 
article indicated that, by the addition of alu- 
minum, alloys containing up to 4.75 per cent 
boron were successfully forged, rolled, and ex- 
truded and that boron-iron alloys containing up 
to 6 per cent boron were successfully cast. 
Iron-boron-aluminum control rods produced in 
the form of extruded tubes containing up to 3.8 
per cent boron and cast tubes containing up to 
5 per cent boron are presently being used in 
the Calder Hall reactors. However, unconven- 
tional techniques are required during forging, 
rolling, and extruding of these high boron-iron- 
aluminum alloys. 

With boron contents of the order of 3 per cent 
instead of 1 per cent, boron-iron control rods 
would become more attractive relative to those 
made of hafnium since the problem of burn-out 
of B!° will be much reduced. 

Some of the problems not covered in the ar- 
ticle were the corrosion resistance of the al- 
loys in high temperature water and the dimen- 
sional stability of the alloys under irradiation. 


Moderator, Shielding, 


and Structural Materials 


Zirconium Hydride 


Further studies by BMI’ on the fabrication of 
delta phase zirconium hydride for possible 


use as a moderator or radiation shield have 
yielded the following properties data:* 

1. Mean coefficient of thermal expansion for 
ZrH, go (68 to 1337°F) is 6.5 x 10°°/°F. 

2. Thermal conductivity of a ZrH;..3 speci- 
men varied between 5.7 Btu/hr/ft/°F at 300°F 
to 5.1 Btu/hr/ft/°F at 1300°F. 

3. The hot hardness of ZrH;..) specimens 
varied between 164 kg/mm? at room tempera- 
ture to 42.5 kg/mm? at 1490°F. 

4. The tensile strengths of ZrH, 99, previ- 
ously reported,‘*® are 9700 psi at 1130°F and 
4060 psi at 1275°F. 

A disadvantage of the use of zirconium hy- 
dride at high temperatures as a moderator is 
the canning required to retain the hydrogen 
released under irradiation. BMI has directly 
bonded satisfactorily specimens of delta phase 
zirconium hydride to 304 and 347 stainless- 
steel cladding.® 


Aluminum-Nickel Alloys 


The use of aluminum alloys in water-cooled 
power reactors has been limited by the low 
structural strength and poor corrosion resist- 
ance of the alloys at elevated temperatures. 
Recently, some alloys of aluminum have been 
investigated which show potential application to 
power reactors. 

Tests were conducted by Draley and Ruther 
at ANL on an alloy of aluminum M-388, which 
contains 1 per cent nickel in type 1100 alumi- 
num.’ These static tests”® showed a corrosion 
rate of M-388 alloy in 500°F distilled water 
of ~2.3 to 3.3 mdd.f This would be equal to 
a corrosion rate of ~1.2 to 1.7 mils per year. 
In a more recent report by Martinec, specimens 
of M-388 alloys showed a corrosion rate of 
~15.8 to 17.4 mils/year.’ These high corrosion 
rates were obtained in in-pile and out-of-pile 


*Delta phase is defined as all material having a 
hydrogen-to-zirconium atomic ratio between 1.5 and 
2.0 or an Ny (number of hydrogen atomic x 10~”? per 
cm? of sample) between 5.5 and 7.3. 

tmdd = milligrams per square decimeter per day. 
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dynamic (16 ft/sec water) corrosion tests of 
M-388 alloy in 1 megohm-cm, ~ 480°F water 
of approximately neutral pH for a period of 
2500 hr. The results of the tests indicated that 
there was essentially no difference in corrosion 
rate of this alloy in pile or out of pile. However, 
the high corrosion rate obtained under the dy- 
namic conditions as compared to the low cor- 
rosion under static conditions would make this 
material useless in power reactors. Erosion 
under the dynamic operating condition was one 
explanation of the higher corrosion rate offered 
by the author. A more comprehensive analysis 
of the higher rate, taking into consideration the 
effects of the specimen surface area to water 
volume ratio (contamination factor) and the pH 
of the water, would be of interest. Draley has 
pointed out that the above conditions can have a 
material effect on the corrosion rate. Data on 
the effect of pH on corrosion of aluminum alloys 
indicated a major reduction in the equilibrium 
corrosion rate at a pH of ~3 to 3.5 and a major 
increase in corrosion rate at a pH above 8 
(references 7 and 10). In fact, a 30-day corro- 
sion test of M-388 alloy in 550°F phosphoric 
acid of pH 3.5 (measured at room temperature) 
resulted in a corrosion rate of less than 0.1 
mdd (0.5 mil/year).? 

ANL has also been studying an improved 
aluminum-nickel alloy of near-eutectic compo- 
sition known as A-203 (5.6 wt. % nickel—0.3 
wt.% iron-—0.2 wt. % titanium —<0.02 wt. % sili- 
con). Tests conducted in superheated steam at 
300 psi and 840°F indicated this material was 
far superior to M-388 alloy.’ The A-203 speci- 
men, after 14 days of test under the above con- 
ditions, showed very little corrosion, whereas 
the M-388 alloy being used as a reference was 
completely oxidized. A disadvantage of this A- 
203 alloy is the higher macroscopic absorption 
cross section resulting from the increased 
nickel content (0.0217 cm™! for A-203, 0.0151 
cm for M-388, 0.013 cm for aluminum, 
0.0076 cm for zirconium, and 0.267 cm™ for 
304-L stainless steel). However, the absorption 
cross section is still low compared to stainless 
steel. 

A Hanford report’ has reviewed much of the 
data on the corrosion of aluminum and has 
presented a method of predicting corrosion 
rates for several aluminum alloys when used 
as canning materials for fuel elements. Rates 
were predicted for several geometric arrange- 
ments with water having different inhibitor con- 


t'! 


centrations and pH. It was concluded in this 
report that, from a corrosion standpoint, alu- 
minum may potentially be used in a reactor 
with water having outlet temperatures as high 
as 350°C. 

Further studies have been made by Hanford 
to determine the cause of the change from uni- 
form corrosion of aluminum in water above 
100°C to the rapid integranular corrosion!’ 
above ~250°C. The aluminum corrosion films 
formed in 310°C water on type 1245 and M-388 
aluminum alloys were examined by X-ray dif- 
fraction, electron microscopy, and optical mi- 
croscopy, but no theory was proposed as to the 
mechanism causing the change. 


Because of the excellent potentials of some 
of the aluminum-nickel alloys, it would appear 
that further development may produce an ex- 
trudable material which is corrosion resistant 
at elevated temperatures and useful for power 
reactors. Very little data is available on the 
strength properties of these alloys at elevated 
temperature, although Hanford has published 
some room temperature data on M-388 alloy.'? 
However, to be useful in power reactors andto 
decrease the cost of reactor core fabrication, 
an aluminum alloy would be required to have 
adequate strength as well as corrosion resist- 
ance at the elevated temperature. 


Ceramic Glazes 


Because of the high corrosion of metallic 
uranium in water, cladding of some type is 
normally used on these elements. Hanford has 
recently reported'* on some of the techniques 
being used to apply ceramic glazes to uranium 
metal and the corrosion resistance of the ce- 
ramic glaze to boiling water and 130°C water 
and steam. One-mil-thick coatings of the glaze 
were resistant to shock and abrasion. However, 
in 130°C water, the particular glaze used dis- 
solved rapidly, and in 8 hr the coating was com- 
pletely removed. The glaze-uranium interface, 
about 0.1 mil thick, required an additional 24 hr 
before it was completely dissolved. 


It appears that a potential use exists for 
these ceramic coatings as a secondary barrier 
to corrosion in the event of a clad failure and 
as a possible primary corrosion barrier in the 
case of compatible coolants such as _ the or- 
ganics. Although the preliminary results appear 
to be relatively poor, further work on various 
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glazes may lead to a type which will be suitable 
for fuel elements. 


Stainless-steel Fuel-element Cladding 


Design changes have been proposed for the 
APPR fuel elements on the basis of findings of 
the sensitizing of the type 304-L stainless-steel 
clad when subjected to reducing and descaling 
as part of the fabrication procedure.’ These 
elements are made up of fuel plates containing 
a powder-metallurgy-prepared fuel core con- 
sisting of 0.14 wt. % boron carbide and 26 wt. % 
uranium dioxide in a type 304-B stainless- 
steel matrix which is clad with type 304-L 
stainless steel. The reason for the clad material, 
which normally contains only 0.03 per cent 
carbon, becoming highly sensitive to inter- 
granular attack is due to the diffusion of carbon 
from the type 304-B stainless-steel matrix 
(containing 0.07 per cent carbon) resulting from 
the hot rolling (1150°C), annealing (1125°C), 
and brazing (1135°C) operations during manu- 
facture of the fuel elements. The carbon content 
of the clad material after these hot forming and 
annealing steps was essentially the same (0.07 to 
0.08 per cent) as type 304 stainless steel. 

Acid cleaning with 15 per cent HNO,-—5 per 
cent HF in an aqueous solution after the flatten 
anneal-operation, to remove any oxide, resulted 
in intergranular attack of the carbides pre- 
cipitated in the grain boundaries. In most cases 
tested and observed, penetration was complete 
through the clad and frame of the fuelelements. 
Fuel elements with the resulting sensitized type 
304 clad, if not cleaned with a reducing acid, 
are suitable for operating in 500°F water with 
an acceptable corrosion rate. 

To eliminate the intergranular corrosion due 
to cleaning acid attack, it is proposed to sub- 
stitute type 347 stainless steel, stabilized with 
niobium, for either or both the compact and 
clad materials. 


Corrosion-resistant Materials 


for Molten Fluoride Salt Fuel Systems 


In a recent article on the Aircraft Reactor 
Experiment (ARE),'® the potential of molten 
fluorides of uranium, thorium, and plutonium 
as power reactor fuels was reviewed. One of 
the primary problems which must be solved 
before these fluoride fuels can be applied to 
large central power plants is that of corrosion. 





The materiais which appear to be best suited 
for containing these fuels are the high nickel 
content alloys such as the Inconels and Hastel- 
loys. 

Hastelloy B, a nickel alloy having a nominal 
composition (nickel—28 per cent molybdenum — 
5 per cent iron), has good creep behavior and is 
very resistant to corrosion in various nonaque- 
ous environments at elevated temperatures. 
ORNL" has recently reported on the effect of 
aging of Hastelloy B after 100, 500, and 1000 hr 
at various temperatures — 1100, 1300, 1500, and 
1600°F. The results of these tests showed that 
aging results in a small improvement in the 
room and elevated temperature tensile strength, 
accompanied by a marked reduction in room 
and elevated temperature ductility. The most 
prominent loss in ductility occurs with aging at 
1300°F. 

Battelle Memorial Institute (BMI) conducted 
a series of experiments on the behavior of five 
commercial high-temperature alloys (Inconel, 
Inconel X, Hastelloy B, Hastelloy W, and Hastel- 
loy X) to corrosion by 1500 to 1650°F peak 
temperature fluoride fuel salts.’* It was stated 
that, in general, the corrosion results were in 
accord with the known chemistry of fluoride - 
salt corrosion processes. An increase in peak 
salt temperature increased the degree of attack 
in the salt heating region of the loops, and the 
increase in corrosion had a direct effect on the 
rate at which the corrosion products were de- 
posited on the cooled walls. Chromium was 
shown to be a major corrosion product, as evi- 
denced by the most extensive attack on com- 
ponents from Hastelloy X, an alloy which con- 
tains the highest percentage of chromium of the 
materials investigated. Experimental studies 
on the mass transport of chromium in Inconel-— 
fluoride fuel systems were also made using 
radioactive Cr®*! as a tracer materiai. Iso- 
thermal and polythermal experiments were con- 
ducted, and rates of diffusion of chromium in 
Inconel at 600, 700, 800, and 900°C were de- 
termined. '® 


ORNL has been conducting an investigation of 
the effects of radiation on the corrosion of In- 
conel exposed to fluoride fuel mixtures, as well 
as the effect of radiation on the physical and 
chemical stability of fuel mixtures.”? Static and 
in-pile forced-circulation loop tests were con- 
ducted. In all the tests no major changes, other 
than normal fuel burn-up, occurred in the fuel 
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mixtures as a result of irradiation. Examination 
of the Inconel capsules and tubing also showed 
no corrosion as a result of the irradiation; the 
normal corrosion was kept low by careful con- 
trol of the salt-metal interface temperature and 
by limiting the maximum wall temperature to 
1500°F. 


Briefly Noted Reports 


Irradiation Effects on Electronic Components 
and Systems 


A tabular summary” has been prepared by 
the Radiation Effects Information Center of the 
effects of nuclear radiation on electronic sys- 
tems and components such as resistors, capaci- 
tors, vacuum tubes, batteries, printed-circuit 
boards, thermocouples, diodes, transistors, and 
strain gauges. 

A memorandum report“ has also been pre- 
pared by the Radiation Effects Center on the 
electrical leakage in insulators exposed to nu- 
clear radiation. The insulators checked were 
polyethylene terephthalate, amber, polystyrene, 
perspex, polytetrafluorethylene, and polythene. 


t22 


Specification for the Army Package 
Power Reactor (APPR-1) 


The final specifications for the fuel elements 
and control-rod elements of the APPR have 
been released in a recent report by ORNL.” 
The specifications included in this report cover 
design, material requirements, and fabrication 
procedures developed. 
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[Editor’s Note: Since the time this information was 
compiled, the LMFRE program has been revised so 
that a 5-Mw (heat) reactor is now planned for com- 
pletion in 1961. It will be a single-region reactor 
employing bismuth as the intermediate coolant.] 


Introduction and Summary 


Since 1947, the Brookhaven National Laboratory 
(BNL) has been developing a nuclear power 
plant which would use a solution of uranium in 
molten bismuth as the reactor fuel. By 1950, 
the initial solubility studies had been com- 
pleted and work was begun on fuel processing. 
By 1954, the research and development had 
reached a stage at which an evaluation of the 
system by an outside contractual firm was 
sponsored by the Atomic Energy Commission. 
A group, headed by The Babcock and Wilcox 
Co., consisting of 17 companies and two na- 
tional laboratories was awarded a contract for 
a formal evaluation study in November 1954. 
The results! of this evaluation (BAW-2) were 
sufficiently encouraging to warrant the de- 
velopment and construction of an experimental 
liquid metal fuel reactor. The Liquid Metal 
Fuel Reactor Experiment (LMFRE), to be de- 
signed and built by Babcock and Wilcox Co., is 
expected to be completed in 1959. The present 
concept is for a 20-Mw (heat) reactor initially, 
with provision for later increases to 33 Mw 
(heat). In the meantime BNL is continuing 
supporting research and development work and 
has begun some preliminary work on the pos- 
sible development of an LMFR system using 
plutonium as the fuel. 

A number of reports related to liquid metal 
fuel reactors have been issued in the last few 
months,”?~* most of them dealing with the LMFRE. 
It therefore seems appropriate to review briefly 
the general status of development of the reactor 
type. 
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In this review the essential characteristic of 
the liquid metal fuel reactor is considered to 
be the use of a fissionable material dissolved 
or suspended in a nonfissionable liquid metal 
as fuel. A number of different systems are 
possible within the scope of this definition. The 
one which has had the most development and 
which is to be built as the LMFRE uses a so- 
lution of uranium in molten bismuth as fuel. 
Those proposed liquid metal fuel concepts 
which differ widely from this one involve the 
use of fuel slurries; the use of slurries ex- 
tends the range of possible carrier fluids and 
increases the range of possible design varia- 
bles. Even the solution reactor concept involves 
the use of slurries of fertile material in a 
blanket if significant conversion ratios are to 
be obtained. Since liquid metal slurry technology 
is not well developed, it would seem probable 
that the course of development of the liquid 
metal fuel reactor will involve first the develop- 
ment of the solution-fueled type, that the slurry 
development will be directed first toward blan- 
kets for this reactor type, and that if the liquid 
metal fuel concept continues to be an attractive 
one the use of slurries may extend to the re- 
actor fuel at a later date. 

Many of the characteristics of the solution 
reactor are determined by the solubility limits 
of uranium in bismuth. At temperatures cor- 
responding to the minimum temperatures in 
presently contemplated systems, the solubility 
ranges from 1000 to 2000 ppm. With such a 
dilute solution, the reactor must operate in the 
thermal- or near thermal-neutron energy range, 
and the preferred system of conversion, if not 
the only practical one, is by leakage neutrons 
in an external blanket. A moderator is neces- 
sary in the core (or possibly surrounding the 
core) and in the blanket. Graphite is favored 
as the moderator material. Because of the low 
absorption cross sections of bismuthand graph- 
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ite, the conversion ratio is potentially high, 
and breeding ratios slightly greater than 1 are 
hoped for on the U?*-thorium cycle. Toachieve 
this goal, continuous or nearly continuous chem- 
ical processing is required to keep the fission- 
product content low, a core container of low 
absorption must be developed, and an efficient 
blanket must be provided. The present hope is 
to make the core container of graphite, and the 
LMFR project is proceeding along this path. 

Although rather high power densities and 
specific powers are attainable in the reactor 
proper, the over-all specific power is much 
lower because of the extra inventory in the 
circulating system, at least in the externally 
cooled “open’’ systems which are presently 
receiving most attention. It appears reasonable, 
however, to expect specific powers of 20 kw 
(heat) per liter of bismuth, or perhaps con- 
siderably higher, in practical reactors of this 
type. At such values of specific power, inven- 
tory charges do not appear to be excessively 
large. 

The materials problems of the liquid metal 
fuel reactor cannot be considered solved. How- 
ever, most of the uncertainties are related 
either to radiation effects or to the effects of 
practical long-term large-scale use, and a re- 
actor experiment such as the LMFRE is proba- 
bly the logical next step in the materials de- 
velopment. Aside from graphite, the materials 
for the primary loop are expected to be low 
chrome steels (croloy). Mass transfer appears 
to be a problem with any metals in the primary 
system, but it is thought to be controllable by 
additives to the fuel solution if croloy is the 
material used and if temperature differences 
in the system are not too high. 

As in other fluid fuel reactors, the problems 
of maintenance and of the containment of fuel 
in case of a breach of the primary system are 
major ones. They are accentuated in reactors 
using bismuth as the fuel carrier by the pro- 
duction of Po’! in the fuel solution. On the 
other hand the prompt negative power coeffi- 
cient of reactivity of the reactor, the absence 
of stored mechanical energy in the primary 
circuit, and the apparent absence of possibili- 
ties for rapid chemical reactions favor solution 
of the containment problems. 

It is not profitable to attempt cost estimates 
on plants which still require major research 
and development. It can be said of the liquid 
metal fuel reactor that its hope for economic 


power lies in low fuel cost, which may come 
from high neutron economy, the absence of fuel 
fabrication cost, and high thermal efficiency. 
Whether a low fuel cost can actually be attained 
will depend on the cost of chemical reprocess- 
ing, which is generally considered to take place 
in a facility integral with the liquid metal fuel 
power plant. Whether other operating costs and 
capital costs can be made low enough toachieve 
a low total power cost will probably be deter- 
mined only from further research and develop- 
ment and from reactor experience. 

For special purposes the liquid metal fuel 
“purner’’ reactor (without conversion) may 
prove to be attractive. Estimates indicate that 
fuel costs in the range 2.5 to 3 mills/kw-hr 
may be possible with such reactors. 

More detailed discussion of the above points 
will be found in the following sections. 


Fundamental Characteristics 


Reactor Concepts 


In the following discussion the essential 
characteristic of the liquid metal fuel reactor 
is considered to be the use, as fuel, ofa fis- 
sionable material dissolved or suspended ina 
nonfissionable liquid metal. This definition is 
an arbitrary one, adopted to restrict the scope 
of the discussion to reactors which have rea- 
sonably closely related characteristics. Anum- 
ber of reactor arrangements may be imagined 
within the scope of the definition. The original 
LMFR concept employed a solution of uranium 
in molten bismuth. This fuel solution was cir- 
culated in a primary circuit which contained a 
reactor vessel and a heat exchanger. The fuel 
solution became critical and generated fission 
heat in the reactor vessel, which contained 
graphite as a moderator; the heat was extracted 
from the hot circulating fuel in the heat ex- 
changer and was then available for power 
generation. A further characteristic feature 
was the circulation of a side stream of fuel to 
an integral chemical processing plant. 

A number of variations on the basic LMFR 
concept have been considered. These variations 
arise from considerations of different fuel types 
(e.g., solution or slurry), different methods of 
providing moderation in the reactor vessel, and 
different methods of incorporating fertile ma- 
terial. These questions are considered specifi- 
cally in the following sections. In addition, 
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variations arise from two possible ways of 
cooling the fuel (externally or internally) and 
from two possible types of arrangement of the 
primary loop components (compact or open). 

In an externally cooled LMFR the fuel is 
pumped through the core to an external heat 
exchanger. This method allows the simplest 
core design and heat exchanger maintenance 
but requires the largest inventory of expensive 
fuel solution (assuming bismuth to cost $2.25/ 
lb, a 700 ppm solution of uranium in bismuth 
would cost $4785/cu ft). The principal advantage 


contains the entire reactor, primary heat ex- 
changer, and pumps within the reactor vessel 
or “pot.’’ The compacting of all the equipment 
into a single vessel reduces the flexibility of 
design and increases the difficulty of mainte- 
nance, but it does provide for the minimum 
inventory of fuel consistent with an “external’’ 
heat exchanger and for good containment of the 
fuel circuits. In the open arrangement, which 
is the type receiving the most consideration at 
present, the heat exchangers, pump, and aux- 
iliary equipment are located outside the main 


Table VI-1 CHARACTERISTICS OF PROPOSED LMFR TYPE REACTORS 











B&W 
LMFRE LMFRE BNL B&W KAPL 
(Initial operation) (Later operation) LMFRE Full-scale LMFR UO,-LMFR 
Power, Mw (heat) 20 3314 5 550 
Power, Mw (elec.) 226 
Fuel U in molten Bi Uin molten U**? in Bi UO, slurry 
Bi 
Blanket Th3Bis slurry ThsBis ThsBis None 
in Bi (ex- slurry slurry 
perimental in Bi in Bi 
loops only) 
Core inlet temp., 750 750 752 752 650 
"F 
Core outlet temp., 885 975 1022 1022 1000 
°F 
Control Tantalum rods Cr-Mo steel 
rods 
Intermediate coolant Na Air Pb-Bi eutectic None 
Steam, °F /psi 800/600 975/2000 
Moderator Graphite Graphite Graphite Graphite 
and Be 
Primary heat External External External External 


exchanger 





of the internally cooled LMFR is the reduced 
fuel inventory required. In this concepta coolant 
is circulated through the core, where it picks 
up heat from the stagnant core fluids. However, 
the core must be designed to contain two fluids. 
The increased structural material required in 
the core structure increases the complexity as 
well as the parasitic absorbing material and 
hence would require an increase in U*® con- 
centration. An interesting modification of the 
internally cooled concept is one in which the 
blanket slurry is circulated through the core as 
both breeder matrix and coolant. The blanket 
slurry is then pumped to an external heat ex- 
changer for steam production. 

The compact arrangement of the primary 
system, also known as the “pot type’’ design, 


reactor vessel. This arrangement allows the 
greatest freedom of choice in fixing the design 
variables, improves accessibility of compo- 
nents, and simplifies maintenance procedures.- 

A summary of the main features of several 
LMFR reactors which have been proposed is 
given in Table VI-1. The open arrangement, 
with external heat exchangers, has been speci- 
fied for the LMFRE despite the accompanying 
penalty of high fuel solution inventory. 


Chemical Form of Fuel and Fertile Material 


1. Core Material. The principal chemical 
form of fuel presently being considered is a 
solution of uranium metal in liquid bismuth. At 
the anticipated reactor operating temperature, 
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uranium is soluble in bismuth in more than 
sufficient concentration to meet criticality re- 
quirements but not in sufficient concentration 
to allow the use of dissolved U** as a fertile 
material. Some physical properties of bismuth 
are shown in Table VI-2. Ingeneral, the physical 


Table VI-2 
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nium oxide slurry in molten bismuth. Slurries 
of UO,, UC, and USi, in bismuth, lead, or Li’ 
have also been considered and are still of 
interest. Experiments on a UO,-NaK slurry 
have been reported recently.’ A slurry of UO, 
in molten bismuth would have a considerably 


PHYSICAL PROPERTIES OF BISMUTH* 


(atomic weight, 209; melting point, 271.0°C (520°F); boiling point, 
1477°C (2691°F); volume change on fusion, —3.32 per cent) 





Temp., °C 





300 400 500 600 
Temp., °F 572 752 932 1112 
Vapor pressure, mm Hg 107+ 3.5 x 107*¢ 2.3 x 107 6.3 x 1074 
Density, g/cm® 10.03 9.91 9.79 9.66 
Specific heat, cal/(g)(CC) 0.0343 0.0354 0.0365 0.0376 
Viscosity, centipoises 1.66 1.37 1,16 1.00 
Thermal conductivity, Btu/(hr)(ft)(°F) 9.9 9.0 9.0 9.0 
Electrical resistivity, ohms 128.9 134.2 139.8 145.2 
U solubility, ppm 530 2150 6300 15000 
5000 15000 38000 


Pu solubility, ppmf 








* Reproduced from Table 18,11 in reference 7. 


t Extrapolated results. 
t From reference 8. 


properties of the uranium-bismuth fuel solution 
are similar to those of pure bismuth, although 
the presence of uranium metalalters the chemi- 
cal reactivity of the mixture slightly. Care 
must be exercised to prevent the loss of ura- 
nium by oxidation. Single-phase fuel solutions 
usually contain some zirconium and/or mag- 
nesium as corrosion inhibitors. Although the 
addition of lead to bismuth will lower the melt- 
ing point of the liquid, lead also decreases the 
solubility of uranium to a point where the con- 
centration would be below that required for 
criticality. 

For two-phase slurry types of liquid fuels, a 
number of possible combinations exist. Inter- 
metallic compounds, such as UBi, U;Bi;, and 
USn;, form finely divided dispersions in various 
alloys of lead, bismuth, and tin. The alloys 
would have two advantages: (1) a lower melting 
point than pure bismuth and (2) a density which 
may be adjusted very closely to that of the ura- 
nium intermetallic compound and thus yield a 
slurry with very low settling rates. Although 
potentially useful, these types of slurries have 
not been proposed for use in the reactors 
presently being considered. 

A third type of liquid fuel which has been 
proposed for use in a reactor system is a ura- 


lower settling velocity than many of the other 
slurry systems because of the small density 
difference between the two phases. Lead, al- 
though it has a higher absorption cross section 
than bismuth, would avoid the Po?!? problem. 
The preparation and wetting of UO, has been 
accomplished'® in liquid bismuth with mag- 
nesium additive, but it has not yet been demon- 
strated that a slurry of UO, in lead can be 
prepared. 

2. Fertile Material. Although burner reac- 
tors of the LMFR type may prove attractive for 
some purposes, the economic advantage that 
may be gained from breeding or conversion is 
generally considered to justify the increased 
size and complexity of a breeder reactor. The 
most commonly considered form of the fertile 
material in the reactor blanket is a slurry of 
fine particles of thorium bismuthide (Th;Bi;) in 
molten bismuth. A slurry containing not more 
than ~10 wt. % thorium is expected to have a 
sufficiently low viscosity to permit handling and 
pumping the blanket slurry through the external 
heat exchanger. The possibility of reducing the 
fuel requirements by using a stagnant liquid 
metal fuel with a circulating fertile slurry as 
coolant has been suggested® although not as yet 
incorporated into any existing designs. 
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Moderators 


Although the possibility of an unmoderated 
liquid metal fuel reactor has been mentioned, ® 
present development is directed toward reac- 
tors operating primarily in the thermal-neutron 
energy range. The solubility limits of uranium 
in bismuth are so low that moderation seems to 
be a necessity for a practical reactor of the 
solution type. The main development effort is 
presently directed toward reactors of this type 
in which the moderator is distributed through 
the core volume in the form of some fixed 
structure. Chernick® has pointed out, however, 
that the use of an external moderator, i.e., a 
moderator which surrounds the core and is in 
effect a reflector as well as the moderator, is 
rather attractive because of the resulting sim- 
plicity of the reactor. The moderating ma- 
terials that have been principally considered 
for use in liquid metal fuel reactors are graph- 
ite and beryllium. The possibility of beryllium 
oxide has also been mentioned.'° 


1. Graphite. At the present time graphite is 
the preferred moderating material because of 
its availability, its lower cost, and the greater 
existing knowledge ofits characteristics. There 
are, however, several unique requirements for 
the graphite to be used in LMFR systems. The 
graphite must be able to resist the penetration 
of the liquid metal fuel at the reactor operating 
conditions of temperature and pressure. Im- 
pervious graphite in small pieces has been ob- 
tained, and industry is reported to be develop- 
ing impervious graphite in sizes which would 
be useful in the LMFR. A further requirement 
is that the graphite be able to withstand both 
corrosion and erosion by the fuel solution and 
by the blanket slurry if one is used. Investiga- 
tions to date indicate that graphite of imper- 
vious reactor grade does not suffer any ap- 
preciable corrosion at reactor temperature and 
pressure.’+!! Data on the effects of radiation 
on the corrosion and erosion of graphite by the 
fuel solution are not presently available. Indica- 
tions’-!! are that the graphite is protected by a 
layer of ZrC and ZrN (nitrogen arises from 
gases trapped in the steel piping external to the 
core). This protective layer could conceivably 
be removed by fission recoils, or the fission 
recoils could be driven behind the protective 
layer and build up a high poison level in the 
graphite core. 


2. Beryllium. The second most commonly 
considered moderator material is beryllium. 
Beryllium has been reported’ to have good 
resistance to chemical attack and to mass 
transfer in liquid bismuth at the proposed re- 
actor operating temperatures. The solubility 
of beryllium in molten bismuth at 572°C has 
been reported’ to be 0.001 per cent. In view of 
the reportedly good characteristics in a dy- 
namic system, this rather high solubility, if 
true, may mean that the rate of solubility is 
quite low. No data have been reported on pos- 
sible reactions between beryllium and uranium, 
the zirconium and magnesium additives, and 
fission products in liquid bismuth. In a recent 
proposal!’ for a UO,-Bi slurry LMFR, beryl- 
lium tubes, carrying the liquid fuel andinserted 
in holes in the bulk graphite moderator, were 
considered since it was felt that beryllium 
metal would be more resistant than graphite to 
abrasion by the UO, slurry. 

Although recent advances in the technology 
of beryllium have reportedly improved its 
mechanical, properties, there remains some 
question as to the effects of high thermal 
stresses resulting from transient temperatures 
in the reactor. ‘+1? 


Neutron Economy 


The macroscopic absorption cross section of 
liquid bismuth is only about twice that of reac- 
tor grade graphite. Consequently, if the reactor 
core contains no other materials than uranium, 
bismuth, and graphite (or beryllium), the para- 
sitic absorption of neutrons will be quite small, 
even at the rather low ratios of uranium to 
bismuth which are dictated by the solubility 
limitations. The potential conversion ratio in 
such a reactor using U*** as fuel could be well 
above unity. Because of the solubility limits, 
however, it does not appear to be feasible to 
provide for a large degree of internal conver- 
sion in a solution type reactor. The efficient 
capture of the excess neutrons in an external 
blanket poses three problems: the provision of 
a core container of low neutron absorption, the 
incorporation of sufficiently high densities of 
fertile material in the blanket, and the efficient 
blanketing of the inlet and outlet ducts. The 
preferred solution to the first of these problems 
would be a core vessel composed of a low cross- 
section material. Vessels composed of graphite 
are seriously considered, although they have 
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obvious problems. An alternative which is less 
attractive from the standpoint of neutron econ- 
omy is the use of a more highly absorbing ma- 
terial (e.g., croloy) which is “shielded”? from 
the thermal neutron flux by adjacent layers of 
fuel and blanket fluid which do not contain 
moderator. This principle of “immoderation’’ 
has also been considered as a method of re- 
ducing leakage around the inlet and outlet ducts. 
The proposed solution for the problem of pro- 
viding a sufficiently high concentration of fertile 
material in the blanket is the use ofa slurry. 
Of course it would be possible to provide for 
internal conversion if a slurry of fertile plus 
fissionable material were used in the reactor 
core, and this system has been considered in 
reference 10 and elsewhere. Most of the cur- 
rent development, however, is directed toward 
the use of a solution in the core anda slurry 
in the blanket. 

It may be said in summary that, although the 
liquid metal fuel reactor has potentially a con- 
version ratio which is quite high because of the 
low neutron-absorption cross sections of the 
proposed materials of construction, and because 
of the possibility of continuous or semicon- 
tinuous removal of fission products, the practi- 
cal attainment of a very high conversion ratio 
involves the solution of a number of rather 
fundamental problems. 


Fuel Cycles 


Two methods of operation of LMFR type re- 
actors have been proposed —burner and breeder 
(or converter) reactors. The burner reactor 
concept is a very simple one, in which U”* is 
burned to produce power without the production 
of new fissionable material. The simplicity of 
this concept results from the absence of ablan- 
ket and a blanket handling system, the absence 
of a chemical reprocessing system (except for 
gaseous fission-product separation), and the 
absence of a radioactive fuel handling system. 
Fresh U*> is continuously fed into the reactor 
to overcome fission-product poisons and higher 
isotope build-up. The end of a fuel loading‘ 
(estimated to be 6 to 12 years) occurs when the 
maximum solubility of uranium in liquid bismuth 
is reached. At the end of fuel life the entire 
inventory of fuel solution is removed for chemi- 
cal processing and recovery of the bismuth and 
U*55 remaining. Any economic advantage which 
this concept may have is expected to be in the 





lower capital cost and in lower chemical 
processing costs. The latter costs, for process- 
ing enriched U**, especially in a bismuth 
matrix, are still uncertain. 

The second concept, that of a breeder (or 
converter), is the type currently receiving the 
most attention. Its principal advantage is ex- 
pected to lie in the low fuel cost resulting from 
the high conversion ratio theoretically attain- 
able. With the continuous or semicontinuous 
removal of fission-product poisons, the core 
fluid lifetime would be expected to be limited 
only by the build-up of the higher isotopes of 
uranium. Although ~100 years‘ would be re- 
quired to build up sufficient higher isotope 
concentration to reach the solubility limit of 
uranium in bismuth, a core reprocessing cycle 
of ~ 30 years is generally assumed for economic 
studies. 


Operating Temperatures 


The maximum allowable fuel temperature is 
determined by the limitations of the materials 
of construction. The low chrome steels, which 
are presently considered as the primary ma- 
terials (other than graphite), are thought to be 
usable to temperatures of about 550°C with 
bismuth.’ At temperatures in this range the 
vapor pressure of bismuth is quite low (<1 py Hg 
at 500°C); consequently, the primary system 
requires no pressurization. 


Power Density and Heat Transfer 


Since the fission heat is generated directly 
within the heat transport fluid, considerations 
of heat transfer do not limit the power density 
in the liquid metal fuel reactor proper. The 
limiting factors appear to be the permissible 
temperature rise of the fuel in passing through 
the core and the permissible flow velocity. The 
flow velocity limit is based on considerations 
of erosion and has been taken as ~10 ft/sec, 
although this limit has not been definitely estab- 
lished by experiment. The permissible tem- 
perature rise is determined by considerations 
of maximum permissible fuel temperature, as 
limited by corrosion; minimum permissible 
fuel temperature as determined by uranium 
solubility limits and power cycle considera- 
tions; and possibly by considerations of thermal 
shock and mass transfer of materials. Tem- 
perature rises of ~ 200°C are thought to be 
feasible.* With a temperature rise of this mag- 
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nitude, each cubic foot of bismuth-uranium fuel 
solution would transport ~ 2 x 10° calories of 
heat from the reactor core to the heat exchanger. 
At a flow velocity of 10 ft/sec, in a reactor 
12 ft long, such a temperature rise would cor- 
respond to a power density of ~ 6.7 Mw per 
cubic foot of bismuth in the core, or 240 kw 
per liter of bismuth in the core. 
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pressure steam into it is eliminated. Possible 
fluids for the intermediate exchanger are so- 
dium, bismuth, and lead-bismuth eutectic. Fused 
salts and gases have also been mentioned. 

In Table VI-3 the physical properties im- 
portant to heat transfer for bismuth and sodium 
are compared with those of ordinary water. A 
fused salt mixture is also included for com- 








Table VI-3 PHYSICAL PROPERTIES OF SOME LIQUID COOLANTS* 
Bi, Na, KCI-LiCl, H,O, 

Property 450°C 450°C 450°C 250°C 
Melting point, °F 520 208 664 32 
Boiling point, °F 2691 1621 212 
Density, Ib/ft* 613 52.5 103 50.0 
Specific heat, Btu/(Ib)(F) 0.036 0.304 0.31 1.16 
Heat capacity, Btu/(ft)°(F) 22.1 15.95 31.9 57.8 
Thermal conductivity, Btu/(hr) (ft) (°F) 8.95 39.5 1.47 0.357 
Viscosity, cp 1,28 0.245 3.4 0.110 
Prandtl number, Cpl/k 0.0125 0.00454 Pu | 0.863 





* Reproduced from Table 18.15 in reference 7. 


The specific power based on the total amount 
of fuel solution in the system is considerably 
lower than that based on the fuel inthe core and 
is affected by the heat-transfer properties of 
the fuel solution since the heat must be ex- 
tracted in a heat exchanger. The large liquid 
metal fuel reactor design described at Geneva 
attained an over-all specific power of ~0.58 
Mw per cubic foot of fuel solution (20 kw/ 
liter.)'® The studies of Dwyer" indicate that 
specific powers several times as large might 
be reached in such externally cooled liquid 
metal systems. The specific powers attainable 
with internally cooled reactors might be con- 
siderably higher; studies of this reactor type 
have not been sufficiently extensive to indicate 
clearly the practical limits on specific power. 


In the externally cooled liquid metal fuel sys- 
tem, the fission heat may be transferred directly 
from the metal fuel to steam, or an intermediate 
coolant may be used. Although the direct trans- 
fer represents the system which is conceptually 
the simpler, therg are a number of advantages 
in the use of the intermediate coolant. Some of 
these are: a smaller heat exchanger can be 
used with the intermediate coolant, thus reduc- 
ing the fuel inventory; thermal stress problems 
are reduced; the decomposition of water by 
gamma radiation from the highly radioactive 
fuel solution is avoided; the possibility of rup- 
ture of the primary system by leakage of high- 


parison. Of these coolants, liquid bismuth re- 
quires the largest pumping power for a given 
heat transfer, but it has the smallest neutron- 
absorption cross section. Liquid metals, un- 
like water or fused salts, should be completely 
free of radiation damage. 


Reactor Stability and Control 


The negative temperature coefficient of re- 
activity of the fluid fuel is such that the liquid 
metal fuel reactor is expected to be inherently 
self-regulating with load demands. Although the 
average temperature of the reactor will remain 
nearly constant, the inlet and exit temperatures 
will adjust to the heat removal (equivalent to 
load demand) in the heat exchangers. 

The temperature coefficient of reactivity of 
the liquid metal fuel reactor type has two 
principal components: (1) the prompt tempera- 
ture coefficient (~—5 x 107*/°C in the LMFRE) 
results from the rapid thermal expansion of 
the fluid fuel; (2) the delayed temperature coef- 
ficient (~—1.3 x 10~4/°C inthe LMFRE) depends 
on the slower heating of the graphite matrix 
and other structural members. 

The relatively large prompt negative coef- 
ficient should give a high degree of inherent 
protection against the effects of reactivity ac- 
cidents. The limitation on this self-protection 
is thought to be the pressure built up by the 
rapid expansion of the fuel solution during the 
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power transient. The pressure rise could be 
increased by the boiling of the bismuth (boiling 
point 1477°C at atmospheric pressure) under 
the influence of a sufficiently energetic tran- 
sient. Calculation indicates that the LMFRE 
could tolerate a reactivity excess of 3.2 per 
cent Kerr, added at a ramp rate of 2 per cent 
per second, without generating a pressure peak 
of more than a few psi.° 


Despite the fact that the reactor is expected 
to be self-regulating and to require no control 
rods, the LMFRE will incorporate control rods 
to ensure the safety of the experiment and to 
establish the feasibility of operation without 
control rods. 


Chemical Processing 


One of the principal advantages claimed for 
the LMFRE concept is the possibility of main- 
taining the fission-product poisons at a low 
level and, hence, the breeding ratio at a high 
value. A major portion of the LMFR program 
at BNL has been directed toward the develop- 
ment of processing schemes applicable to the 
three types of chemical separations required: 
(1) volatile fission-product removal, (2) non- 
volatile fission-product removal, and (3) blanket 
processing. 


The first type of processing, the removal of 
volatile fission products (which represent about 
25 wt.% of the total),' is common to all types 
of LMFR reactors. Volatile fission products 
such as xenon and iodine may be continuously 
removed by passing the uranium-bismuth 
stream through a degasser, whose function is 
to expose a large surface area of liquid metal 
and hence allow the insoluble gases to escape.'® 
If necessary, an inert sparge gas may be used. 
Bismuth and polonium vapors may be removed 
by passing the gas through acoldtrap. Although 
an in-pile loop, operating at low neutron flux, 
has demonstrated that xenon may be easily 
removed from a solution of uranium in bis- 
muth,!® the rate of removal, and hence the 
degasser efficiency in a full-scale reactor at 
high flux, is not yet known. Operation of the 
LMFRE is expected to yield some answers on 
the efficiency of degasser operation, the solu- 
bility in bismuth, and the adsorption of volatile 
fission products on graphite under reactor 
operating conditions. 


For slurry fuels or blankets it is felt that if 
the particle diameter is less than the fission 
fragment recoil distance a considerable fraction 
of the fission products will be removed from the 
solid phase.'!® There has as yet been no experi- 
mental verification of this fact nor any study of 
the adsorption of fission-product atoms on the 
solid material. 

The second type of chemical process require- 
ment actually covers two groups of nonvolatile 
fission products. The first of these groups, 
representing ~40 per cent of the total fission 
products,! are those which are soluble in fused 
salt and may be removed in an extraction 
process, either continuously or semicontinu- 
ously (batchwise operation). Since it is impor- 
tant to have the uranium stay in the liquid 
bismuth stream, only those fission products 
which form chlorides that are more stable than 
UCl, may be removed by this extraction proc- 
ess.' A semicontinuous or batchwise type of 
operation has the advantage that, being separate 
from the main reactor circuit, a failure or 
breakdown in the processing stages will not 
interrupt normal reactor operation, and the 
potential hazard of slugging the reactor with 
extra-rich fuel solution is minimized. Although 
the experimental partition coefficients are lower 
than the predicted values, the evidence indicates 
that usable separation factors are obtained. 
The separation may be carried out by either 
the “buffer’’ or “stoichiometric” methods.!+!5 
In the former the metal phase (Be-U-Mg-Zr) 
would be contacted with a KCl-NaCl-MgCl 
eutectic. In the latter BiCl, would be added to 
the salt and calcium to the metal. Careful con- 
trol of concentration must be maintained to 
effect a useful separation with minimum loss of 
uranium. 

The second group of nonvolatile fission prod- 
ucts are those whose chlorides are less stable 
than UCl,;. These cannot be transferred to the 
salt phase without also transferring uranium 
from the bismuth to the salt.' Since these 
represent a fairly small portion of the fission 
products (~35 per cent), they may be removed 
by ordinary wet chemical methods in a batch- 
wise operation scheme at fairly long time 
intervals.! 

An alternative chemical processing scheme 
for uranium-bismuth fuel solutions is the oxide 
slagging method.® In this method all the non- 
volatile fission products are treated as a single 
group. All the components (including the ura- 
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nium) except bismuth and the noble elements 
are removed as an oxide slag and are sent toa 
conventional wet chemical processing plant for 
recovery of the uranium. The bismuth may be 
recovered by vacuum distillation, although con- 
siderable development work remains before the 
oxide slagging method is commercially ac- 
ceptable. 

In addition to the above processes, the fluo- 
ride volatility process is now being investigated 
in connection with liquid metal fuel. 

Basically the economics of fission-product 
separation will be the factor which determines 
the optimum degree of fission-product separa- 
tion. It may be that the most economic system 
is one which tolerates a fairly large average 
fission-product level with a corresponding sac- 
rifice of breeding ratio. 

Before the UO, slurry can be used as a fuel 
in a power reactor, a satisfactory chemical 
processing scheme must be developed. Centrifu- 
gation and shipment to a central wet chemical 
processing plant may prove to be an economic 
possibility, although it is hoped that the PuO,- 
UO, slurry may be physically separated by cen- 
trifugation from the majority of the fission- 
product poisons and immediately returned to 
the reactor.'° This simple processing scheme 
could be economic if the residual poison level 
is sufficiently low. 

The three principal blanket systems which 
have been considered for the LMFR are (1)a 
fluidized bed of thorium fluoride, (2) a slurry 
of thorium bismuthide in molten bismuth,'’'® 
and (3) thorium oxide in molten bismuth. The 
first of these consists of a fluidized bed of 
ThF, in a gas which can be circulated through 
heat exchangers. A small bypass stream re- 
moved for chemical processing is passed into 
a flame of hydrogen, burning in excess fluorine. 
The high temperature of this flame will melt 
the ThF,, allowing the uranium and protactinium 
to escape into the fluorine atmosphere where 
volatile UF, and PaF; are formed. The ThF, 
quickly resolidifies and may be readily sepa- 
rated from the gaseous UF; and PaF; by physical 
means.'® Although the process showed promise 
in preliminary tests, heat exchanger and cor- 
rosion problems have virtually postponed the 
fluidized bed separation process for future de- 
velopment. 

The second and third processes involve the 
extraction of the bred U**? and protactinium 
from a thorium bismuthide or oxide slurry in 


liquid bismuth. A portion of the slurry flows 
continuously through the chemical processing 
stages. This method requires that the U?*? and 
protactinium be transferred from the solid 
Th3Bi; or ThO, particles into solution in the 
liquid bismuth. Since Th,Bi; is partially soluble 
at elevated temperatures, cycling the molten 
bismuth slurry between 850 and 350°C will 
consecutively dissolve and reform the Th;Bi; 
particles, releasing the majority of the ura- 
nium and protactinium in the process.' The 
solution of uranium and protactinium may be 
separated from the solid Th3Bi, particles either 
by centrifugation, leaving the uranium and 
protactinium in solution, or by fused salt ex- 
traction of the uranium and protactinium. The 
solid Th3;Bi; may be returned to the blanket, 
reconstituted in fresh bismuth if necessary. 

The ThO, slurry could be processed by 
mechanically separating the ThO, from the 
bismuth and processing it by the existing 
Thorex process. 


Corrosion and 


Materials Problems 


One of the major problems remaining in the 
development of an LMFR type reactor is the 
development of container materials suitable 
for use at high temperatures. In addition to 
uranium there are a number of metals which 
are soluble in molten bismuth. These range 
from iron at a few ppm to nickel, copper, alu- 
minum, and magnesium at several per cent. 
So far only molybdenum, niobium, tantalum, 
and tungsten appear to be essentially insoluble. 

In the primary circuit of the LMFR type re- 
actors, there is a temperature differential be- 
tween the hot liquid fuel leaving the core and 
the cooler fuel from the heat exchanger. Owing 
to the difference in solubility of container ma- 
terials with temperature, a phenomenon known 
as mass transfer can occur. This is caused by 
material dissolving in the fluid in the hotter 
regions of the fuel and precipitating in the 
colder regions where the solubility is lower. 
Mass transfer not only causes corrosion in the 
hotter regions of the fuel circuit but can lead 
to plugging in the cooler regions. 

It has been found experimentally ’-!!-!6 that the 
addition of certain soluble materials, such as 
magnesium, titanium, and zirconium, to the 
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liquid bismuth will greatly reduce the mass 
transfer in certain types of steel alloys. The 
current thinking is that the presence of an 
inhibitor, such as zirconium, forms an inert 
adherent layer of ZrN (from nitrogen trapped 


the temperature differential will later be in- 
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creased to 125°C (225°F) by increasing the 
total power to 33!4 Mw. 

The same type of phenomenon is thought to 
be responsible for the prevention of the known 


Table VI-4- SUMMARY OF THERMAL CONVECTION LOOP DATA’ 





Liquid metal 





constituents, Temp. Time of 
Bi plus gradient, operation, Condition at end 
Material, wt. % I.D., in. metals in ppm "€ hr of operating time 
2 Cr-1 Mo 0.622 U, 1000 550-510 310 Completely plugged 
2, Cr-—1 Mo 0.622 U, 1000 550-510 13,600 Shutdown due to mechanical 
Zr, 250 failure 
Mg, 350 
5 Cr-1, Si 1.70 U, 450 550-520 30,000 Still operating 
Zr, 180 
Mg, 200 
2), Cr-1 Mo 0.622 U, 1000 550-415 8,000 Still operating; graphite 
Zr, 200 cylinder in loop; slight 
Mg, 350 pptn. present in cold 
leg; pitting in hot leg 
2), Cr-1 Mo 0.622 U, 1000 550-445 3,000 Plugged 
Ti, 150 
Mg, 350 
Bessemer steel 0.622 U, 1000 550-415 7,000 Still operating; slight 
Zr, 270 pptn. in cold leg 
Mg, 350 
24, Cr-1 Mo 0.622 U, 1000 550-460 10,000 Slight pptn. in cold leg; 
Zr, 250 shutdown for 
Mg, 350 metallographic 
examination 
9 Cr-—1 Mo 0.622 U, 1000 550-400 4,000 Still operating; 
Zr, 250 appreciable pptn. in 
Mg, 350 cold leg; pitting in 


hot leg 





in the steel) which forms a barrier to solution 
of iron in the hot zone and apparently retards 
the precipitation in the cold zone, especially if 
the temperature difference (and hence solubility 
difference) is low. The presence of zirconium 
in molten bismuth apparently increases the 
amount of iron which may be held in a stable 
supersaturated solution. However, if the tem- 
perature difference becomes too great, mass 
transfer may againappear. The additional pres- 
ence of magnesium in the molten fuel is neces- 
sary as an oxygen “getter’’ to prevent the 
formation of insoluble UO,. Lowalloy chromium 
steels have been selected for use as container 
materials in the LMFRE. Table VI-4 shows the 
observed mass transfer for a number of alloys, 
operating under several different conditions.' 
Initially the LMFRE is expected to operate at 
400 to 475°C (750 to 885°F), a temperature dif- 
ferential of 75°C (135°F). If conditions warrant, 


reaction between graphite and uranium to form 
uc. A thin layer of ZrC (containing some ZrN), 
preferentially formed on the surface of the 
graphite, appears to inhibit the corrosion of the 
core graphite by bismuth, uranium, or fission 
products. 

The addition of uranium to liquid bismuth in 
metal systems is accompanied by a large initial 
loss of uranium unless the system is first 
“conditioned”’ with zirconium and magnesium. 
The system is conditioned when the zirconium 
and magnesium concentrations remain constant. 
In any subsequent losses, magnesium or zirco- 
nium will be lost in preference to uranium. 


Radiation Effects 


The effects of radiation on corrosion rates, 
on chemical reactions between the uranium- 
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bismuth fuel and materials of construction, and 
on the physical properties of the moderator and 
construction materials are not yet known with 
reliability. Indications are that the physical 
characteristics of the graphite to be used as 
moderator in the LMFRE improve with in- 
creased temperature, and the growth problem 
associated with graphite in low temperature 
reactors is not expected to exist to any trouble- 
some degree. The remainder of the structural 
materials are outside the region of highest 
flux, and the damage they may suffer from ra- 
diation is expected to be negligible. 

The greatest concern about radiation is its 
effect on fission-product absorption and ura- 
nium holdup in the graphite of the LMFRE core. 
These are problems that can be answered only 
by actual operation of a reactor under con- 
ditions that will exist in a power reactor station 
of the LMFR type. 


Containment and Maintenance 


In common with other fluid fuel type reactors, 
the LMFR concept faces two major classes of 
problems connected with the use of highly 
radioactive materials in a liquid state: con- 
tainment problems and maintenance problems. 
These problems in the LMFR are further com- 
plicated by the presence of Po*!’, formed from 
neutron capture in the bismuth fuel carrier. 
Po”'® constitutes a hazard since it is toxic and 
difficult to contain. The LMFRE, after two 
years operation at full power, would contain 
about 5.8 x 10° curies of Po?! activity.!* Pro- 
vision must be made to contain the liquid fuel 
in the event of a leak or a disastrous reactor 
excursion. The polonium also constitutes a 
potential health hazard during maintenance 
operations on the primary system. Maintenance 
problems are further complicated by the fact 
that pumps, piping, and heat exchangers be- 
come radioactive from the absorption of de- 
layed neutrons emitted by the circulating fuel. 

The tolerance levels for Po”!° are comparable 
to those for Pu’*® in terms of microcuries. 
However, since Po’! with a much shorter half 
life, has a higher specific activity, the tolerance 
of Po’!® in terms of micrograms is much smaller 
than for Pu’®®, Table VI-5 summarizes the pub- 
lished tolerance levels'’ of Po?! and Pu’, 

The LMFRE is an example of one approach 
to containment and maintenance problems. The 


preliminary plans provide for isolation of the 
components of the primary circuit in concrete 
cells lined with stainless steel. The latter pro- 
vision is to prevent contact of molten bismuth 
with concrete and to ensure containment of the 
radioactivity. The cell openings, to be sealed 
during operation with a low-melting alloy, will 
be all of the same size to permit installation of 
a special maintenance plug. All maintenance on 
the primary circuit will be done remotely, using 
a large hoist to handle heavy equipment and 
television cameras to observe the work. The 
large number of special tools and procedures 
which will be required remain to be developed 
and tested. It will also be necessary to develop 
special tools and handling techniques for the 
chemical processing stages. 


Table VI-5 TOLERANCE LEVELS FOR Po?! AND Pu? 











Maximum permissible 

concentrations for Maximum 
continuous-exposure permissible level 

in air in total body 

Isotope uc/ml ug/ml 2 ug 
Po”? (sol.) 2x 107 44x 1074 0.02 44x 1078 
Po? (insol.) 7x 107! 1.6 x 1074 0.007 1.6 107° 
Pu? (sol.) 2x 107 3,2 x 107! 0.04 6.5 107 
Pu (insol.) 2x 107 3.2x 107! 0.008 1.3 « 107? 





Maintenance of the secondary circuits, the 
intermediate sodium system, and the steam 
system will be accomplished directly, after 
drainage and storage of the sodium. 


Components 


The principal components of a specialized 
nature required for the LMFR concept are 
pumps, core tank, and heat exchangers, capable 
of operating with molten bismuth at the ex- 
pected operating temperatures of the reactor 
and under intense gamma-ray irradiation. 


Pumps 


In LMFR systems a typical operating tem- 
perature range as presently established by 
metallurgical and solubility limitations is ~750 
to 1020°F. With this temperature differential, 
a pumping rate of ~72 gal/min/Mw (heat) 
would be required (36,000 gal/min at 500 Mw 
(heat). The pumps must be completely leaktight 
since no oxygen can be permitted in the system 
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and none of the highly radioactive fluid can be 
permitted to escape. Since bismuth expands 
upon solidification, the pumps must be drainable. 

Both electromagnetic and mechanical pumps 
have been considered for use in LMFR sys- 
tems. Although electromagnetic pumps have 
the advantage of being completely sealed and of 
providing easy stable control of flow and easy 
drainability, they have rather poor efficiency 
and have not been tested for liquid metal fuels 
except on a very small uranium-bismuth sys- 
tem at low flow rates. 

For the large pumping rates required, cen- 
trifugal pumps are the only type of mechanical 
pump presently being considered. There are 
several types of centrifugal pumps being con- 
sidered, including the gas-filled sump type and 
the flooded canned rotor type. The LMFRE, to 
be built by Babcock and Wilcox Co., will be 
provided with two 2680 gal/min centrifugal 
sump pumps,’ with variable speed drive, one 
operating and one serving as a stand-by in 
case of a pump failure. 


Core Tank 


In breeder reactors the attainment of a 
positive breeding ratio requires the use of a 
core tank whose neutron absorption is low. The 
separating vessel might be graphite or beryl- 
lium, although the use of either requires de- 
velopment of fabricating techniques and means 
of making a satisfactory joint between the 
separating vessel and the main reactor vessel. 
Present concepts of large reactors consider 
the use of croloy steel as the core tank to 
separate the core fluid and blanket slurry, al- 
though the high absorption of the croloy steel 
yields a conversion ratio less than 1. 

The LMFRE will avoid part of the problem 
of the core tank material by using beryllium 
sheathed experimental loops in the reflector. 
Hence leaks between the core fluidand reflector 
coolant through the graphite core pressure seal 
are not expected to be serious. 


Heat Exchangers 


The concensus of present opinion seems tobe 
that an intermediate heat exchange medium, 
usually sodium, should be used in LMFR de- 
signs. This then requires two heat exchange 
systems, one between the uranium-bismuth fuel 
and sodium and one between the sodium inter- 
mediate coolant and water. Since the achieve- 


ment of high specific power in the LMFR is 
highly desirable to reduce fuel inventory, there 
is a premium on minimum heat exchanger size. 
The problems of corrosion and thermal stresses 
at the LMFR operating temperature are ex- 
pected to be answered by the operation of 
LMFRE. The LMFRE heat exchanger’ will be 
a U-shaped two-pass tube-and-shell type, con- 
structed of welded chromium-molybdenum steel. 
Future developments are expected to improve 
the characteristics of heat exchangers! for 
bismuth-sodium systems. 


Costs 


The principal cost advantage of the LMFR 
concept lies in the low fuel fabrication costs 
and in the high thermal efficiencies made pos- 
sible by the high operating temperature. A 
further advantage may lie in the attainment of 
a high conversion ratio. Exploitation of this 
possibility requires the development of chemi- 
cal processing, either continuous or semi- 
continuous, to maintain a low level of parasitic 
absorbing material, and solution of the prob- 
lems of an efficient breeder blanket. Three 
existing concepts take different approaches to 
the problem of achieving low total power cost. 
These are: (1) the burner reactor, in which the 
breeding characteristics are sacrificed in favor 
of lower chemical processing costs and lower 
capital costs; (2) the breeder reactor, in which 
maximum advantage is taken of the attainable 
conversion ratio despite the chemical process- 
ing and capital costs; and (3) the converter re- 
actor which attempts to compromise between 
the breeding advantage and processing costs. 
Since rather extensive research and develop- 
ment are still necessary on the three types of 
proposed reactors, it is hardly possible at this 
time to make a reliable cost comparison, which 
involves the balancing of fuel costs, operating 
costs, and capital costs, or to arrive at an 
absolute estimate of the total power cost for 
any of the three types. It is worth while, how- 
ever, to consider some of the estimates of fuel 
costs which have been made in the past. Power 
costs were estimated in reference 4 for breeder 
and burner reactor types. The burner reactor 
plant assumed was the simplest conceivable on 
the basis of present technology, incorporating 
a chemical plant only for degassing, for fuel 
make-up and removal, and for bismuth cleanup. 
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The limit of core lifetime determined by the 
build-up of fission-product poisons and the 
maximum solubility of uranium in bismuth was 
estimated to be between 6 and 12 full power 


LMFR reactor would be small, there still re- 
mains some cost connected with the fabrication 
of the suitable fuel solution or slurry. For 
example, the costs of conversion from UF, (as 


Table VI-6 FUEL COSTS IN LMFR POWER STATIONS 
(Mills per kilowatt hour) 





Converter 
——— = 


Natural 3% en- 





Burner 
> 





6-year life 12-year life 


U feed* riched Uf Breedert 





U inventory 0.330 
U consumption 1,985 
Reprocessing, including Bi make-up 0.373 


Total fuel cost 2.69 


0.240 0.24 0.33 0.290 
1,985 1,24 0.83 

0.294 1.03 0.21 0.972 
2.52 2.51 1,37 1,26 





* Conversion ratio of ~ 0.78. 
{ Conversion ratio of ~ 0.53. 
t Conversion ratio of 1.00 assumed. 


years. At the end of life the entire core was 
processed to recover the residual fissionable 
material. The estimates for the breeder re- 
actor were based on a breeding ratio of 1.00, 
an assumed core lifetime of 30 years, and con- 
tinuous chemical processing which included 
estimated improvements in the processing 
scheme expected within the next 5 to 10 years. 
Table VI-6 gives the estimated fuel costs from 
this comparison, as well as the estimated fuel 
costs for an oxide slurry converter reactor.'° 
The converter is assumed to operate at con- 
version ratios between 0.5 and 0.8. The fuel, a 
low enrichment UO, slurry in liquid bismuth, 
is to be shipped to a central chemical process- 
ing station or processed in a small on-site 
processing plant. It is estimated that the re- 
actor could be designed to operate on natural 
UO, feed, although the effective enrichment of 
the reactor would be higher because of the 
presence of converted plutonium. A processing 
cost of $25 per kilogram ($22,680 per ton) of 
uranium, based on central processing plant 
costs, was assumed. Should the simple oxide 
centrifugation separation scheme, whichis visu- 
alized as a possibility, prove to be effective, 
the reprocessing costs could conceivably be 
quite low. 

In Table VI-6 the fixed capital charges for 
reprocessing equipment (for the cases in which 
on-site processing is done) are considered to 
be included in the plant capital investment and 
do not appear inthe fuelcostestimate. Further- 
more, although fuel fabrication costs in an 


obtained from the AEC) to either metal or 
oxide form and preparation of the final solution 
or slurry are not negligible. 


LMFRE Characteristics 


The experimental liquid metal reactor,?-5.!2 
presently being designed and scheduled to be 
built by the Babcock and Wilcox Co., is an ex- 
ternally cooled reactor, with a liquid sodium 
intermediate coolant loop, in an open arrange- 
ment. It is designed primarily as a “burner”’ 
type reactor, i.e., it will burn enriched U?% 
with no attempt at breeding, although the design 
provides for two experimental “breeder”’ loops 
in the reflector to test the feasibility of using 
a blanket in a full-scale LMFR breeder re- 
actor. 

The core of the LMFRE will be a cylinder of 
high density graphite, with holes drilled in a 
vertical direction for fuel passage. Holes are 
also provided in the core for four control rods 
and one central test thimble. Surrounding the 
core will be a 5-in. annulus of graphite, to 
serve as an additional barrier between the core 
fuel solution and the reflector coolant which will 
be pure liquid bismuth. Pressure seals at the 
top and bottom are expected to provide a mini- 
mum leakage of the reflector coolant, which will 
be at a slightly greater pressure, into the core 
fluid fuel solution. The reflector consists of 
blocks of graphite machined and arranged to 
form an annular reflector 2 ft 3 in. thick. An 
annular gap between the core and reflector and 





LIQUID METAL FUEL REACTORS 55 


between the reflector and pressure vessel pro- 
vides passages for the reflector coolant. 

The core is to be assembled from graphite 
pieces, machined to fit together in a tongue and 
groove arrangement to provide mechanical 
strength. Joints between the pieces will be 
cemented, impregnated, and baked prior to in- 
stallation. The reflector will be machined with 
offsets to prevent neutron streaming but will 
not be cemented in the vertical direction in 
order to allow for thermal expansion. Specially 
machined key blocks will be used to hold the 
reflector and core together. Additional support 
is provided by a steel base plate, supported by 
molybdenum rods passing through the outer 
region of the reflector to serve as a clamp. 

Five beryllium-lined experimental holes are 
te be provided, one in the core and four pene- 
trating the reflector region. The central core 
hole will be used for materials study under 
intense neutron irradiation. Two ofthe reflector 
holes will be used for corrosion studies under 
conditions of high temperature differential; the 
remaining two holes will be used for breeder 
blanket-slurry studies. 

In addition to concentration control, the re- 
actor will have four hollow tantalum control 
rods, housed in beryllium sheaths, within the 
core region. Three of these rods will be shim 
safety rods, and the fourth will be a servo- 
controlled regulator. 

The reactor vessel is divided into two major 
regions, with a flange and bolted joint. The 
lower portion will house the core, reflector, 
and piping connections, whereas the upper ves- 
sel serves as the control-rod housing and 
drive mounting. 

Operating characteristics of the LMFRE are 
shown in Table VI-1. 
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FAST REACTORS: EBR-II 





The recently issued hazard summary report! 
for the Experimental Breeder Reactor II (EBR- 
II) is of interest as a discussion of the hazards 
characteristic of fast-neutron reactors andas a 
report on the present status of the EBR-II de- 
sign. 

EBR-II is an unmoderated, heterogeneous, 
sodium-cooled reactor and power plant witha 
power output of 62.5 Mw of heat. The energy 
produced in the reactor is converted to 20 Mw 
of electricity through a conventional steam 
cycle. The reactor may be fueled with U” or 
plutonium, and the plant includes an integral 
fuel processing facility where the irradiated 
fuel is processed, fabricated, and assembled 
for return to the reactor. Although provisions 
are being made for subsequent loading of the 
reactor with uranium-plutonium fuel, the de- 
scriptions and analyses presented inthe current 
hazards summary report pertain only to an en- 
riched-uranium loading. 

The EBR-Il is primarily an engineering fa- 
cility to determine the feasibility of this type of 
reactor for central-station power-plant applica- 
tion. Major emphasis has been placed on achiev- 
ing high thermal performance at high tempera- 
tures and high fuel burn-up with a fast and 
economical fuel processing system. The ther- 
mal performance of the reactor and the size of 
the system components are such as to permit 
direct extrapolation to central-station applica- 
tion. The design objective has been to permit a 
maximum of experimental operational flexibility 
by separation of the plant systems and yet to 
permit extrapolation to a commercial plant 
which would not require the same degree of 
separation. 

The plant will be located at the National Reac- 
tor Testing Station (NRTS) because the maximum 
operational flexibility of the reactor system is 
desired and because of the limited information 
available pertaining to power reactor operation 
with plutonium fuel. 

The reactor consists of an enrichedcore sur- 
rounded on all sides by a fertile blanket of de- 
pleted uranium. The fuel elements which com- 
prise the core section of the reactor consist of 
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small diameter cylindrical pin assemblies. The 
design of the fuel element is influenced by the 
desire for high thermal performance, high burn- 
up, and simplicity of construction. The fuel pin 
isa loose fit in athin-walled tube which provides 
a clearance annulus between the pin and the tube 
wall. This annulus is filled with static sodium to 
provide a heat-transfer bond between the fuel 
and fuel tube. Heat is removed from the fuel 
element by the primary sodium flowing along the 
outside of the fuel tube. 

The reactor operates with a maximum power 
density in the core of ~1370 kw/liter, with a 
maximum coolant velocity of 26 fps, and with 
reactor coolant temperatures of 700°F inlet and 
900°F outlet. Reactor control is effected by the 
movement of fuel into and out of the reactor 
core. This is accomplished by 12 modified 
movable fuel subassemblies, which move verti- 
cally, and are located at the outer edge of the 
core. 

Heat is removed from the reactor by the 
primary sodium coolant system and transferred 
to the secondary sodium system in a shell-and- 
tube heat exchanger. The secondary system 
transfers the heat to the steam generator where 
superheated steam is produced to drive a con- 
ventional turbine generator. 

The relation between EBR-II and the Enrico 
Fermi Plant of the Power Reactor Development 
Company (PRDC), the other fast-reactor project 
presentiy under way in the United States, is de- 
fined in reference 2: “...the PRDC reactor is 
designed todemonstrate the feasibility of utiliz- 
inga fast breeder reactor inthe day-to-day pro- 
duction of electric power on a substantial scale. 
EBR-II, on the other hand, is an advanced re- 
actor experiment which willtest further steps in 
sodium-cooled fast-reactor technologyand will 
go forward with the full plutonium fuel cycle, in- 
cluding pyrometallurgical reprocessing.” Some 
of the important characteristics of EBR-II are 
compared in Table VII-1 with those of the Enri- 
co Fermi reactor and with those of the British 
Dounreay reactor. 

The EBR-II reactor is provided with a pres- 
sure vessel type secondary containment struc- 
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ture 80 ft in diameter and 146 ft high, designed 
for an internal pressure of 24 psig. 

Characteristic features of the hazard con- 
siderations for the reactor are summarized 
below: 


effort has been made to achieve a very rigid 
close-packed arrangement of the fuel and, in 
addition, to produce preferential bowing such 
as to effect a probable bowing coefficient which 
is essentially zero or negative. To the best of 





Table VO-1 COMPARISON OF FAST-NEUTRON REACTOR AND PLANT CHARACTERISTICS: 
EBR-I, EBR-I, EFFBR (ENRICO FERMI), AND DFR (DOUNREAY) PLANTS 








EBR-II! EBR-I* EFFBR‘ DFR*.® 
General characteristics: 
Reactor thermal power, Mw 62.5 1.4 300 ~60 
Gross electrical power, Mw 20.0 0.2 100 15 
Reactor coolant type Na NaK Na Na* 
Coolant temperature to reactor, °F 700 442 550 ~ 390 
Coolant temperature from reactor, °F 900 600 800 ~650 
Coolant flow rate through reactor, gpm 8,200 292 30,400 ~10,000 
Feed-water temperature to steam 
generator, °F 550 446 400 
Steam temperature, °F 850 529 755 622+ 
Steam pressure, psig 1,300 390 600 200T 
Steam flow rate, lb/hr 0.248 x 108 3,630 1.02 x 108 
Reactor data: 
Core dimensions 
Equivalent diameter, in. 19.04 7.9 30.5 22 
Height, in. 14.22 8.5 31.2 21 
Volume, liters 66.3 22.5 330 ~178 
Fuel alloy type Fissium Uranium U-Mo alloy Uranium 
Fuel alloy composition, wt.% 
Uranium 95.0 100 90.0 100 
Molybdenum 2.5 10.0 
Zirconium 0.2 
Ruthenium 1.5 
Rhodium 0.3 
Palladium 0.5 
Enrichment, U5, % 49 93.5 27 ~40 
Critical mass, U5, kg 170 48.2 485 
Specific power, kw/kg of total uranium 154 16.7 ~149 
Pumps, primary sodium loops 
Pump type d-c electro- d-c electro- centrifugal a-c linear$ 
magnetict magnetic and induction 
centrifugal 
Capacity, gpm 10,000f 500 11,800 400 
Head, psi 75t 25 110 16 
No. of pumps 2 29 3 24 
Pumps, secondary sodium loops 
Pump type a-c linear centrifugal centrifugal a-c linear$ 
induction induction 
Capacity, gpm 6,500 500 11,800 400 
Head, psi 65 30 22 16 
No. of pumps 1 1 3 24 





*Initial loading, NaK. 
4518°F and 150 psig initially. 


{Recent plans call for use of two centrifugal pumps each delivering 4250 gpm at a head of 60 psi. 


§NaK pumps. 
{Either pump carries the full load. 


1. The operational instabilities which were 
exhibited in the past by the EBR-I reactor have 
not as yet been completely explained. It is be- 
lieved that these were, at least in part, due to 
mechanical instability in the reactor, notably 
bowing of the fuel elements. In EBR-II every 


current knowledge, the reactor will have nega- 
tive reactivity coefficients—prompt, slow, 
power, and isothermal. 

2. The fast reactor differs from most thermal 
reactors in that the possibility of a very sub- 
stantial increase of reactivity following a hypo- 
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thetical fuel melt-down is difficult to disprove. 
The report states that, although there is no in- 
dication that fuel alloy melting would definitely 
result in a prompt critical assembly in EBR-II, 
pessimistic assumptions on a gravity-induced 
accident of this nature suggest the equivalent of 
300 lb of TNT as a reasonable upper limit for 
the energy release. It is estimated that the 
primary containment system of the reactor 
would easily contain a nuclear accident equiva- 
lent to the detonation of 300 lb of TNT at the 
center of the reactor. 

3. The chemical reaction between sodium and 
air would represent a relatively large energy 
release if amajor fraction of theair in the con- 
tainment building were to react. A rapid reac- 
tion of this kind couldoccur only if large masses 
of sodium in dispersed form were ejected from 
the reactor system into the air; this could pre- 
sumably be caused only by a rather violent nu- 
clear energy release. The secondary contain- 
ment is estimated to be adequate to contain such 
a chemical reaction. 

4. Because of the very high power density 
which is characteristic of fast-reactor designs, 
the loss of coolant accident is one which must 
receive careful attention. Features of the EBR- 
II design which minimize the probability of such 
a failure are: the pool type arrangement of the 
primary system makes the loss of coolant ex- 
tremely improbable; either one of three pumps — 
two main pumps and one auxiliary—are suf- 
ficient for shutdown cooling; in the event of 


failure of all three pumps, the shutdown reactor 
will cool by natural convection; the large mass 
of sodium in the primary reactor tank has a 
very large heat capacity which prevents rapid 
temperature rise in the primary ,system; the 
heat will be dissipated from the primary sys- 
tem to the atmosphere by natural-convection 
shutdown coolers in the event of failure of the 
secondary coolant system. 
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